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Association constants and hydroxyl proton NMR shifts 
have been measured for 1:1 complexes in acetonitrile of six 
diamagnetic cations and eight hydroxylic substrates (water, 
alcohols and diols). Their values follow the trend appropri- 
ate to a simple electrostatic association of the cation with 
the oxygen of the substrate. Molal shifts An of small cations 
in water and methanol may be adequately accounted for by a 
solvation model which takes explicit account of nearest 
neighbour interactions only. It leads to an equation of 
the form An = (nM/1000) (A, + Ans where n is the solvation 
number, M the molecular weight of the solvent, A, the cation 
complex shift, and Ay a shift which characterises the dis- 
ruption of hydrogen bonding in the solvent. mn appears to 
have a value close to six for small and/or polyvalent cations. 
AL has a value of about 1.5 ppm for cations in water at +25° 
and methanol at -69°, and about 6 ppm for anions in methanol 
at -69°. It decreases with increasing temperature and 
presumably reflects the amount of hydrogen bonding in the 
solvent. It appears to be possible to interpret Ay in terms 
of structure-making by small cations and structure-breaking 
by the larger anions. Deviations from predicted behaviour 
by Rb” and Cs’, and the molal shifts of the larger halide 
ions, are most plausibly interpreted in terms of a disordered 


solvation shell, such that the effective solvation number of 


these ions is less than the number of nearest-neighbour 
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molecules. 

The carbon-13 NMR spectra of solvent molecules coordin- 
ated to the cation in ethanol solutions of Mg(C10,)., and 
have been 


A1C1 and in n-propanol solutions of AI1Cl 


3 3k 
observed over a wide range of temperatures. Separate reson- 
ances were observed for solvation shell carbon nuclei as many 
as three bonds removed from the site attachment of the ion. 
Their multiplicity and coalescence phenomena are consistent 
with the i NMR observations. The shielding changes relative 
to the bulk solvent are negative at Cy and positive at Cy; 
they resemble the 8 and y carbon shifts induced in an alkane 
by an electronegative a substituent. The ly and le spectra 
of ethanolic Alcl, solutions show the presence of at least 
three solvated species. The signal multiplicity is largely 
removed when the chloride ion is replaced by perchlorate. 
This could be explained by postulating the presence of sol- 
3+ 


vent separated ion-pairs or ion-clusters involving Al’ , Ci 


and solvent molecules. 
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GLOSSARY OF COMMONLY-USED SYMBOLS 


A Coefficient of the linear term of the Buckingham- 


Musher equation. 
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E Electric field strength. 

H Magnetic field strength. 

e Spin-spin coupling constant. 

K Molar equilibrium constant. 

Kin Thermodynamic molar equilibrium constant. 

k Boltzmann constant; reaction rate constant. 
M Moles foes (molarity). 

m Moles Kae (moO alot y ji. 

M Molecular weight. 

n Any integer. 

n Solvation number. 

q Electric charge. 

R Cong]? ideal-gas constant. 

Yr Ionic radius; internuclear distance. 

ap Temperature in degrees Celsius. 

Ty Longitudinal nuclear magnetic relaxation time. 
T., Transverse nuclear magnetic relaxation time. 
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CHAPTER 1 


Ace Lee BL) UC sie ema 


ih at The Structure of Associated Liquids. 


The present work is concerned primarily with the sol- 
vation of electrolytes, for the most part in hydroxylic 
solvents such as water and the alcohols. It is appropriate 
to introduce the modern concepts concerning the physical 
structure of the associated liquids. In this respect, water 
has been most extensively studied, but its actual structure 
is still unknown. 

There exists an embarrassment of partially successful 
models for the structure of water. Each of the proposed 
models is able to account for some of the properties of water, 
and sometimes several models describe a particular property 
equally well. However, no single model is presently able to 
account for all of the known facts. It is likely that the 
ultimate model will contain some of the features of all the 
current alternatives. 

The most important properties of water which must be 
described by this model are the X-ray and neutron scattering 
correlation functions, thermodynamic functions, maximum den- 
sity at 4°, dielectric and structural relaxation, and the 
spectroscopic parameters from infrared, Raman and NMR 
spectra. Furthermore, the model should account for the dif- 
ferences in the properties of normal water and those of 


heavy water, the alcohols and ice. The results of 
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some of these studies and the features which must be in- 
corporated in models to explain the results are discussed 
below. 

The structure of ice I is well understood. The 
X-ray radial distribution function shows that each water 
molecule is tetrahedrally coordinated to four others.+ 
The interaction is one of hydrogen bonding.” All of the 
models for liquid water are based upon the consideration of 
changes in the ice I crystal lattice upon melting of the 
solid and the models differ with regard to the number, dis- 
tribution, strength, and geometry of hydrogen bonds in the 
liquid. A brief survey of the alternative models will now 
be given. For a more complete account, the reader is re- 


ferred to the books by Franks and Eisenberg and Rademannes 


1.1.1. Mixture Models. The first class of models proposed 
that water could be viewed as a mixture of different molecu- 
lar aggregates. When ice melts, some but not all of the 
hydrogen bonds are thought to be broken, giving rise to a 
mixture of single molecules (the monomers) and regions of 
short range order in which the hydrogen bonds persist. The 
first model of this kind is probably Rdntgen's % suggestion 
that normal cold water is a "Solution of ice in a classical 
liquid". This means that some water is 4-coordinate and 


some is uncoordinated. The hydrogen-bonded ice-like regions 


were later called clusters.> Estimates in the literature 
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of the proportion of broken hydrogen bonds in liquid water 
near its freezing point have varied between 2.5 and 703.° 
The equilibrium between free molecules and the clusters 
would qualitatively account for many properties of water, 
for example the maximum density at 4°, the heat capacity 
(anomalous C/R and temperature dependence), and the viscosity 
(anomalous pressure dependence). 

The most direct evidence for the existence of two 
(or more) molecular states in water is found in the vibra- 
tional spectra. The Raman spectrum of a dilute solution of 
D0 od HO shows, in the O-D stretching region, a broad band 


due to the O-D oscillators and a distinct higher frequency 


shoulder ats 


Walrafen g has proposed that the former peak 

is due to hydrogen-bonded molecules and the latter to non- 

bonded molecules. The intensity of the shoulder increases 

as expected with rising temperature. Very careful infrared 
spectroscopy and the application of advanced curve fitting 

techniques have demonstrated a definite substructure to the 
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70 and D.0- At least 


four components are indicated and the decomposition of the 


O-H and O-D stretching regions of H 


infrared spectrum has been shown to be consistent with a 
Similar decomposition of the Raman spectrum of water’ 
Thus, liquid water appears to contain a finite number of 


distinct species, rather than a continuum, and this evidence 


favours a mixture model. 
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1.1.2 Uniformist Models. The evidence in favour of the 
two-state model (or other mixture models involving a finite 
number of polymeric species) is by no means complete. Water 


exhibits a single dielectric dispersion region, representing 


a small spread of relaxation times (ca ‘Whe sec.), a 
compared with three dispersion regions (ca Mie Tom om and 
peeks sec.) for the primary alcohols. This was offered 


as evidence in favour of a continuous distribution of mol- 
ecular states in liquid water and an equilibrium between 
monomers and polymeric species in the alcohols. Neutron 
scattering experiments show no evidence of large molecular 
aggregates in voter 
A number of "uniformist" models have evolved in order 
to account for those experiments which show evidence of a 
continuous distribution of molecular states in liquid water. 
Bernal and Fowler, +" and Boolean have pictured water as 
the ice I crystal lattice in which the hydrogen bonds have 
become "bent" but not broken. Every molecule remains 
hydrogen bonded but the neighbours to a reference molecule 
adopt "distorted" orientations. The average degree of bond 
bending is the parameter which is assumed to be sensitive 
to changes in temperature and pressure. This class of 
models appears to be incompatible with the vibrational 
spectra since a continuum model would predict simple, un- 
structured bandshapes. A bent-hydrogen-bond model would only 


explain the vibrational spectra if there existed a finite 
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number of preferred orientations, or favoured bent-bond 
angles, in which case the model would not strictly repre- 
sent a continuum. A continuum model does not easily explain 
the maximum density at 4° or the anomalously high heat 
capacity of water. The question also arises of how far a 
hydrogen bond must be bent before it can be regarded as 
broken, and the distinction between the uniformist and mix- 
ture models may be a matter of semantics. 

lels3 Interstitial, Models. Samoilov © and others ane 
have proposed models for the structure of water which can 

be regarded as being intermediate between uniformist and 
mixture models. The notion is one of a water molecule 
leaving its position in the ice I lattice in order to occupy 
an interstitial position in the open lattice, which then 
"heals" itself. The extended ice-like lattice remains and 
the non-bonded interstitial water molecules serve to increase 
the density of the liquid. The lattice is distorted and the 
long range order is destroyed, thus giving rise to the 


Eivadity or, tne liquid.) Paulinges oe 


clathrate model is 
similar: the hydrogen-bonded regions are described as 
polyhedral cages of water molecules and the non-bonded mole- 
cules are enclosed by the cages. 

The interstitial models, with the exception of 
Pauling's clathrate model, are more in accordance with the 


: : : ; 18 
X-ray radial distribution function than the mixture models 
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and they can account for the maximum density at 4°. They are 
apparently unable to account for the anomalously high heat 
Capacity of water, in contrast to the mixture models. The 
Single dielectric dispersion region is difficult to interpret 
because the interstitial water molecules may not be complet- 
ely free rotators. 

The absorption spectrum of ultrasound by a medium 
may be interpreted in terms of relaxation processes associ- 
ated with density fluctuations. The pressure dependence of 
the absorption of ultrasound by water indicates the presence 
of at least two distinguishable species whose mechanism of 
rearrangement is the "uncorrelated jumping of molecules 
between quasicrystalline aideago OY However, the single 
structural relaxation time (the time for the structure of 
the liquid to change) argues against the existence of large 


ice-like clusters and this evidence appears to favour the 


interstitial models. 


1.1.4 The Model Adopted for this Thesis. The results of 


the nuclear magnetic resonance experiments presented in 
later chapters of this thesis are most easily interpreted 

in terms of a two state model for water in which some of the 
hydrogen atoms in water are involved in hydrogen bonds and 
some are not. Proton NMR monitors only the state of the 
hydrogen atoms and, for this reason, consideration of the 


structural arrangement of the water molecules is deliber- 
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ately avoided. The assumption of hydrogen bonded and non- 
hydrogen-bonded hydrogen atoms is in accordance with most 


of the data presented in the previous sections of this 


chapter. The important consequences of adopting a two-state 


model for the present purposes are that the equilibrium 
between the hydrogen-bonded and non-hydrogen-bonded hydro- 
gen atoms in the water molecules may be altered by changing 
the temperature or by adding a solute, and that the equil- 
ibrium may be treated by simple chemical thermodynamics. 
The structure of liquid alcohols is well understood. 
Coordination to an alcohol is known to be limited to a 
maximum of two hydrogen bonds per molecule (2-coordinate) 


and it is not possible for an open three dimensional net- 


work of hydrogen bonds to form in a liquid (or solid) alco- 


neil PO 


Association in liquid alcohols is believed to 
be restricted to linear polymers of only a few hydrogen- 
bonded molecules. 7+ However, the important consideration 


is again that the degree of hydrogen bonding may be altered 


by changing the temperature or by adding a solute. 


cL om Solvation of Electrolytes in Associated Liguids. 


Water, and to a lesser extent the alcohols, are the 
media in which ionic chemistry and solvation processes have 


been most extensively studied. The historical development 


of the concept of solvation began with the study of electro- 
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lyte solutions by electrochemists. The physical description 
of these solutions was at that time conceptually simple and 
rather unsatisfactory. The solvent was regarded as a 
continuous dielectric medium in the electric field of the 
ionic solute. The solvation energy (or hydration energy 

in the case of water) was evaluated by Born as the 


Gibbs free energy AG of transfer of a gas phase ion of 


radius r and charge Ze to a medium of dielectric constant e«. 
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This process is not accessible to direct observation but an 
"observed" value can be estimated from a suitable thermo- 
dynamic cycle. On comparison with the "observed" energies, 
the solvation energies given by the Born equation were 
found to be too large. Many attempts were made to obtain 
agreement of experimental and calculated energies, usually 
26 


by adjusting the ionic radius oe or dielectric constant 


until agreement was achieved. 


1.2.1 Coulombic Solvation. The suggestion was later made 


that the ion should be regarded as interacting strongly with 


only a small number of nearest neighbour molecules, the 
primary solvation shell, and perhaps only weakly with more 
distant molecules. The orientation of the molecules in the 


primary solvation shell by the electric field of the ion is 
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designated coulombie solvation. If other factors, such as 
the change in ionic radius upon dissolution of the gas phase 
ion, are taken into account, then excellent agreement is 


obtained between experimental hydration energies and entro- 


pies and those calculated using this model. 
dine wecOLVatLOneNumber. A model of this kind requires a 


knowledge, preferably an experimental evaluation, of the 
number of nearest neighbour molecules: the primary solvation 
number. Close packing requirements would limit this number 
to four or six, depending on the radii of the ion and solvent 
molecule. 

Numerous experimental methods have been used to 
determine solvation numbers and it is essential to understand 
that the different experiments do not always provide solva- 
tion numbers with the same significance. For example, NMR 
studies measure the number of highly polarised nearest 
neighbour molecules, whereas electrolytic transference 
measurements determine the number of molecules moving with 
Che sion in an appliedid.c:) electric field. The Latter 
quantity may be an order of magnitude greater than the 
primary solvation number . 72 

The lifetimes of the solvation shells of most dia- 
magnetic ions are short compared with the NMR time scale ee 


and the definition of the primary solvation number 7” adopted 


and used throughout the remainder of this thesis is the 
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"time average statistical excess of nearest neighbour mole- 
cules in the lowest energy orientation". This definition 
adequately allows for the exchange of the solvation shell 


and bulk solvent molecules. 


e213 Structural Solvation. The discussion so far has 
been concerned with the restriction of the motion of sol- 
vent molecules in the immediate vicinity of dissolved ions. 
There is also the possibility of a profound effect of the 
solvated ions on the hydrogen-bonded structure of the resid- 
ual bulk solvent (i.e. solvent not coordinated to an ion). 
This was first suggested by Frank and Evans oh in’ theiz 
classic paper on the entropies of ion hydration. They found 
thatuthe entropy decrease for the hydration of two argon 
atoms is greater than that for the hydration of a potassium 


ion and a chloride ion. 


2Ar(gas) ———® 2Ar (aq) AS = -60.4 cal. deceit fhe 
(CHEZ) 
+ ~ + ~ 
Reedas) eredn (CaS) ee hag ete lee (ag ) 
AS = -51.9 cal. deg ie Mol 
Cassi) 


Coulombic solvation of the ions is expected to lead to in- 
creased order and a large entropy decrease, which should be 


larger than for the hydration of two argon atoms. They 
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explained the anomalous entropy of hydration of potassium 
chloride by postulating breakdown of the residual solvent 
hydrogen-bonded network due to the presence of the hydrated 
ions. The disruption of the solvent-solvent interactions 
would result in decreased order and a net entropy of hyd- 
ration of the salt that is less negative than expected when 
compared with the value for two argon atoms. The effect of 
the solvated ions on the residual solvent hydrogen-bonded 
structure is now called structural solvation. 

Many other physical properties of aqueous electrolyte 
solutions show anomalies which indicate structural solvation. 
The thermodynamic aspects have been reviewed recently by 
Reenover ses More direct evidence of structural solvation 
is supplied by the recent work of Walrafen ue on the Raman 
spectra of aqueous solutions. The intensities of bands 
attributed to non-bonded water molecules increase in the 
presence of salts which are expected to decrease the water- 
water interactions. 

The phenomenon of structural solvation is not restrict- 
ed to the decrease of water-water interactions; the structural 
order may be increased by certain salts. The consensus 
appears to be that the divalent cations and lithium increase 
the structural order in the residual solvent: they are 
"Structure-makers". The large monovalent ions and all 


anions decrease the structural order and are called "struc- 


ture breakers". 
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Very little is known about structural solvation by 
ions dissolved in alcohols. Krishnan and Friedman ose have 
compared the entropies of solvation of potassium chloride 
and argon in methanol and find that they are in the order 
to be expected if the ion-solvent interactions dominate 


anyeSsiructural solvation. 


2Ar (gas) ———> 2Ar (MeOH) AS = -324 Cal. deg. + aj 
CissAa) 
+ - + - 
K (gas) + Cl (gas) ————» K (MeOH) + Cl (MeOH) 
AS = -80 cal. degen mote 
C15) 


They conclude that structural solvation is a phenomenon 
which is unique to water and can be attributed to the un- 
paralleled ability of water to form a three dimensional 
hydrogen-bonded network. 

In view of the contrary conclusions which will be 
presented in later chapters of this thesis, it must be 
pointed out that the above comparison of water and methanol 
was made in terms of the solvents in their thermodynamic 
standard states, i.e. 25° and 1 atm. The freezing points 
of water and methanol are 0° and -97° respectively. A more 
valid comparison might be drawn if both of the solvents were 
CUOSe eon Lie 1d, Racorubang points, where the states of hydrogen 


bonding are likely to be more similar. 
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L3 Use of NMR in Solvation Studies 


The magnetic parameters which characterise the nuclear 
magnetic resonance spectra of liquids are the nuclear shield- 
ing constants, the spin-spin coupling constants, and the 
magnetic relaxation times. In principle, all of these para- 
meters may be used to probe solvation processes. 

When a molecule is placed in an applied magnetic field 
Hoe the molecular electronic currents induced by Hy generate 
a net secondary magnetic field OH, at the particular 


"observed" nucleus, and the effective magnetic field Hore 


at that nucleus becomes 


H =«H won iol (1.6) 


Any perturbation of the molecular electronic cloud will 
alter o and consequently the measurement of the nuclear 
shielding constant is a sensitive means of monitoring changes 
in the Beerronic environment of the nucleus. 

It is necessary to measure nuclear shielding relative 
to that of a reference nucleus, since magnetic field strengths 


cannot be measured accurately. Thus, o may be redefined 
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where Cavs is the absolute shielding of the nucleus, (the o 
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Byeequatlongl.6))): 0 as is the absolute shielding of as 
reference nucleus, in which case the relative eetaind 0 
has the (conventional) units of parts per million (ppm). 
Nuclear magnetic shieldings have been een used in 
solution chemistry to study solute-solvent and solvent- 
solvent interactions. In a hydroxylic solvent such as 
water, the hydroxyl proton shielding is sensitive to such 
associations as hydrogen bonding and interaction with solute 


oe It is desirable to formulate the response of 


molecules. 
the shielding to intermolecular associations and to use the 
formulation to gain further understanding of the solvation 
processes. For ionic solutes, a great deal of effort has 
been expended towards this goal in recent years. 

Both the longitudinal and transverse nuclear relaxation 


cimes;, lw aud T May be used to study electrolyte solvation. 


L 24 
If a solvent molecule exchanges between a cation solvation 
shell and the bulk solvent, the transverse relaxation time 
T. of each site will vary in a manner determined by the 
lifetime of each ag oeawsee 2 Thus, T. measurements may 
be used to study cation solvation shell exchange kinetics, 
within a limited range of exchange rates (the limits are 
controlled by the time scale of the NMR experiment as des- 
cribed in appendix A). The exchange rates for solvent mole- 
cules exchanging between the solvation spheres of all anions 


and many cations and the bulk solvent, lie outside the 


range accessible to the NMR experiment. The lifetimes of the 
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solvation shells of a few highly polarising cations in cer- 
tain solvents (e.g. Mg(II) in MeOH) are sufficiently long to 
allow measurement of their exchange with the bulk solvent 
molecules. 2°37 
The longitudinal relaxation time T, has been used to 
probe structural hydration in aqueous electrolyte solutions. 
oe A clear distinction is found between the values of 
T) of the water protons for solutions containing structure 
making and structure breaking salts. Structure breaking 
salts increase the water mobility, decrease the correlation 
time ups of the bulk solvent molecules compared with pure 


water, and hence increase the relaxation rate T,- The 
structure making salts have the reverse effect. There is an 
extremely close correlation between the entropies of hydra- 
tion (which reflect structural solvation) and the T, values 
of the alkali halides, for low salt concentrations. 

The magnitude of the spin-spin coupling between 
nuclei in a solvent molecule could, in principle, be altered 
by coordination to an ion or through changes in hydrogen 
bonding. However, changes in J of more than a few percent 
have rarely been observed? ?~4? and no solvation studies have 
been based upon observations of small changes in spin-spin 
interactions. 

The observation of coupling between the hydroxyl pro- 
ton and alkyl group protons in alcohols coordinated to 
cations has served to prove the persistence of bonding of 


the hydroxyl proton and to establish the mechanism of 
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exchange between the coordinated and bulk solvent mole- 
cules.7® 

There have been several excellent review articles 
ge ecg dealing with the use of NMR spectroscopy in the 
study of ion solvation. Therefore, only a brief summary 
of the different kinds of NMR solvation experiment will be 
attempted here. Distinction between the types of experiment 
is somewhat arbitrary, but will be made according to the 
scheme shown diagramatically in Figure 1.1l. 

The breakdown is made according to the nature of the 
solvent (single or mixed), observed nucleus (solvent or ion), 
and the rate of exchange of molecules between the solvation 
shell and the bulk solvent. Figure 1.1 includes an indi- 
cation of the property studied (e.g. mixed solvation shells) 
by each method and the parameter measured: ” is the primary 
solvation number and the A's are characteristic NMR shifts 
which will be discussed more fully in later chapters. Three 
of the experiments are of particular relevance to the present 
work and are labeled TYPE I, II, and III experiments. They 
will be defined in detail in the following sections and 
will be referred to by the labels throughout the remainder 
of this thesis. 

Figure 1.2 shows diagramatically the kinds of spectra 
to be expected from the three experiments and also specifies 


the NMR shieldings which characterise them. The hydroxyl 
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FIGURE 2... schematic NMR spectra of "the: TYPE DL, 


II and III experiments. 
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proton shieldings o are labeled by subscripts as follows: 

p represents the pure solvent, b the solvent in the sol- 
vation shell (bound solvent) of an ion, r the residual bulk 
solvent in the solution, s the free substrate and c the 1:1 
complex in the TYPE III experiment. Only the solvent (or 
substrate) hydroxyl proton signal is shown for simplicity 
and the four "spectra" are drawn to the same shielding 
scale. They will be referred to in the appropriate sections 


below. 


io3-l.) Electrolytes in Single Solvents. 


The NMR spectra of the solvent in solutions containing 
diamagnetic electrolytes in single hydroxylic solvents are 
of two kinds, depending upon the nature of the ions. Ifa 
particular ion has a low surface potential (small charge to 
radius ratio) then the lifetime of the primary solvation 
shell will be short compared with the time scale of the NMR 
experiment.*” The coordinated molecules exchange rapidly 
with the bulk solvent molecules and only a single NMR 
absorption will be observed at the population average of the 
shieldings of the free and bound molecules.* Most of the 


cations and all of the anions have rapidly exchanging 


solvation shells and give fully coalesced solvent spectra, 


* 
The effects of chemical exchange on NMR spectra are described 


more fully in Appendix A. 
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which are designated TYPE I spectra. 

Cations with high surface potentials, such as Be(II), 
Mg(II), A1(III), Ga(III), have relatively long lived solva- 
tion eye Kayan especially at low temperatures, and it is 
possible to observe separate NMR signals for the solvation 
shell and bulk solvent molecules under favourable circum- 
stances. These spectra are designated TYPE II. 

It is sometimes possible to monitor the resonance of 
the ion nucleus. Most heavy atoms have high nuclear spin 
(greater than 1/2) and large electric quadrupole moments. 
The motional modulation of the interaction between the 
quadrupole moment and the electric field gradient at the 
nucleus provides an additional mechanism for nuclear 


46 The relaxation is enhanced when the 


magnetic relaxation. 
electronic environment is asymmetric. If one solvent mole- 
cule in a symmetrical octahedral solvation shell is re- 
placed by the counterion, then extensive quadrupole broad- 
ening of the central ion resonance will occur. Thus, 
direct contact ion-pairing can be studied by this tech- 
pie 
Because of their special relevance to the present 


work, the TYPE I and II experiments will now be described 
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oo ee Experiment I. Ionic Molal Shifts. 


The hydroxyl proton NMR shieldings of pure water 
D2 nde 59. 
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and methanol have been studied as a function a 
the concentration of added diamagnetic salt. The time- 
averaged resonance moves to lower or higher fields, depend- 
ing upon the salt, as shown in figure 1.2. The parameter 
which characterises this experiment is the salt molal 


shift An’ which is defined as the limiting slope of the 


exchange-averaged shielding o vs. salt concentration curve. 


An = (do/dm) 0 ee seey) 


where m is the salt molality. 
The salt shifts have been shown to be additive in 


individual ion contributions 95159 


A (salt) = 554, (ions) . (459) 


It should be noted that absolute individual ion shifts can- 
not be obtained from the salt shifts alone. Arbitrary 
scales have been devised by assigning a convenient value 
(such as zero) to one ion and calculating values for the 
other ions by least-squares methods. Taken alone, the ionic 


molal shifts are of little value and Butler and Symons Mee Ne 


50758 of ‘theamoOlal shafts 


have pointed out that separations 
into contributions due to the effects of coulombic and 


structural solvation are in principle erroneous because of 
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the arbitrary origin of the shifts. Scales of absolute 
individual ion shifts based upon the results of independent 
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TYPE II experiments have been reported recently and 


they are interpreted quantitatively in the present work. 


dive, Bt dL pee Experiment iD T vs Separate Solvation Shell Resonances. 


For certain highly polarising cations in hydroxylic 
solvents, the lifetime of the solvation shell may be long 


enough to allow observation of separate bulk and bound sol- 


5073) 700-65 


vent resonances. as shown in figure 1.2. The 


solvation shell hydroxyl proton signal occurs at lower field 
than that of the bulk solvent in all cases. The shieldings 
of both signals depend upon the total salt concentration on 
and two characteristic NMR shifts may be defined in the 
lanitnolteinitnitesdilution.»~fitf one One 


shieldings of the pure solvent, cation solvation shell, and 


and fa are the 


residual bulk solvent in the solution respectively, as 


shown in figure 1.2, then it is convenient to define the 


shifts 
CLE) 


> 
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ge es 
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(do /dm) 0 (teri) 


A. is designated the "solvation shell shift", and A. the 
"residual shift". 


The primary solvation number ” may be obtained directly 
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from this experiment by analysis of the relative intensities 


of the bulk and bound signals.>° 


The accumulated experimen- 
tal errors usually lead to an uncertainty of about +0.5 in 

the measured solvation number. The solvation numbers found 
in this way for several pairs of cations and hydroxylic sol- 


vents are given in table I. The values are consistent with 


the requirements of close packing. 


noe Electrolytes in Mixed Solvents. 


The TYPE I and II experiments above may be repeated 
with the gradual addition of a second solvent. This has 
several advantages, as described below. 

Fratiello et al oe have shown that the addition of 
acetone to aqueous electrolyte solutions has the effect of 
lowering the freezing point of the solution and slowing down 
the rate of exchange of coordinated and bulk solvent 
molecules. This allows the observation of separate bulk 
solvent and solvation shell resonances at low temperatures, 
which would not otherwise be possible for aqueous solutions. 
The addition of the co-solvent also affects the water hydro- 
gen-bonded structure. The presence of a large excess of 
an "inert" co-solvent should completely disrupt the water 
(or alcohol) hydrogen bonded structure and allow the study 
of the ion-solvent interaction in the absence of the solvent- 


solvent interactions. In this way, the effects of coulombic 
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24. 
TABLE 1.1 


*k 
Solvation Numbers of Diamagnetic Cations 


Determined from NMR Intensities 


HO MeOH EtOH Pr’ OH 
ae 7 
Mg** 6 6 6 
leh 6 g 4 4 
Ga>* 6 
rae 6 


Taken from reference 29 and rounded to the nearest digit. 


The experimental uncertainties are about + 0.5. 
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solvation might be studied in the absence of those of 
SELUCCULAmoOlVvat1 OM. 


Several workers eA, 


have used binary solvent systems 
to study mixed solvation shells, for example dimethylsul- 
phoxide and water coordinated to Al(III), by the observation 
of separate resonances for each bound solvent. The quadru- 
pole broadening of the resonance of the ion has also been 


used to study mixed solvation Syste. 


PS 2 ese EX De mien tml lie 1:1 Ion-Molecule Association. 


If the second solvent is inert (i.e. weakly solvating) 
and present in large excess, and one ion is also inert 
Wedlulvepo lactis ind) elt sspOossiblesto etormeamspeci fic mr) 
complex between the minor solvent (called the substrate in 
this experiment) and the other sti > The characteristic 
shift A is the difference between the hydroxyl proton 
shielding in the complex Ce and that in the free substrate 


Os: Loetheminece scOLVemt. 


ie Sa 20) Git?) 


The complex shift Aa is obtained in the absence of the struct- 
ural effects which accompany studies in pure hydroxylic sol- 
vents. If the solvent in the TYPE III experiment is truly 
inert, then A. represents the shift due to the direct pciar- 


isation of the substrate molecule by the ion 
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Previous to the present study, the results of experi- 
ments of this type have been published only for complexes 
between the halide anions and a few highly polar substrates 
in carbon tetrachloride solution, /1772 and for the sodium 
and lithium cation complexes of water in propylene carbon- 


ate aoumursonw 


i. 33 NMR and Structural Solvation 


In 1955, Shoolery and Alder ae published the first 
extensive tabulation of molal shifts for aqueous electrolyte 
solutions. The spectra were obtained on a 30 MHz instrument 
monitored with an oscilloscope. The added salts were found 
to shift the water resonance to both higher and lower fields. 
It was expected that both cations and anions should polarise 
water molecules in such a way as to deshield the protons. 
Since both positive and negative molal shifts occur, Shoolery 
and Alder concluded that changes in hydrogen bonding must be 
responsible for an upfield shift which counteracts the down- 
field polarisation shift. The relative magnitudes determine 
the sign of the observed molal shift. 

Shoolery and Alder derived a scale of individual ion 


molal shifts by choosing a value for the molal shift of one 


This has been confirmed for both cations and anions in 


this and other or as 
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particular reference ion (they chose An of clo, to be +0.85 
DOire ko motor in order to make the scale fit their argu- 
ments). They concluded that large monovalent ions mainly 
break up the solvent structure whilst small and multivalent 
ions predominantly polarise the solvent. 

Since the work of Shoolery and Alder, there have been 
numerous improved tabulations of individual ion shifts.207>4 
The improvements were concerned largely with the choice of 
(internal or external) NMR reference material and with the 
choice of the arbitrary reference ion. The tabulations 
were accompanied by interpretations of varying complex- 
ity. The work of J. C. Hindman > is outstanding in 
this respect. He interpreted the molal ionic shift in terms 
of four contributions: a) a shift due to direct polarisa- 
tion of molecules in the first solvation shell; b) a shift 
due to hydrogen bond breaking when some molecules are re- 
oriented to take up position in the primary solvation 
shell; c) a shift due to additional structural changes be- 
cause the solvated ion cannot fit into the normal water 
structure (structure making/breaking); d) a shift due to 
non-electrostatic interaction between the ion and solvent. 

Although none of the four proposed contributions had 
been measured separately, Hindman attempted to estimate them. 
The structural effects b) and c) were regarded in terms of 
the number of hydrogen bonds broken per mole of water and he 


assumed a value for the percentage of hydrogen bonding in pure 
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water. Despite the gross approximations involved, Hindman 
concluded that, of the alkali metal. and halide ions, Lit 
and F are structure makers (effect c) and that the larger 
ions are structure breakers. 


Butler and Symons sear’ 


have criticised this early 
work because of the arbitrary separations of cation :and 
anion effects. On the basis of independent TYPE II experi- 
ments, they have proposed a scale of "absolute" individual 
ion shifts for both water 2E and methanol.” They state 
that their results do not require the concept of structure 
making/breaking (effect c) and that their molal shift data 
may be accounted for in terms of the relative effects of 
hydrogen bonding to the solvent (effect b) and bonding to 
the ions (effect a). They made no attempt to quantitatively 
separate the effects of coulombic solvation (a and b) from 
that of structural solvation (c) and their conclusions are 
not supported by the measurement of any quantity which is 
characteristic of structural solvation. 

At this point, it seems fair to say that no previous 
NMR experiments have been directed towards the determination 
of a parameter which is characteristic of structural solvation, 


nor has anyone determined independently the several components 


ofYtne ronirc-molal shitt. 
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a hei! Scope of this Thesis 


Of the three major kinds of solvation experiments 
(TYPE I, II and III) involving the magnetic resonance of 
solvent nuclei, the TYPE I and II results have appeared most 
frequently in the literature. A systematic study of the 
TYPE III 1:1 ion-molecule association experiments for dia- 
Magnetic cations and hydroxylic substrates has not yet been 
reported. A study of this kind represents a major portion 
of this thesis, and these results turn out to be the key to 
the interpretation of the TYPE I and II characteristic 1h 
NMR shifts. 

The association equilibria for 1:1 complexes between 
six cations and eight hydroxylic substrates (water, alcohols 
and diols) were studied in dilute acetonitrile solution. 

The association constants and complex shifts are reported in 
Chapter 3 and they are interpreted by means of simple electro- 
static models in Chapter 4. A single cation-amine complex 

was also investigated and its properties are compared with 
those of the hydroxylic complexes. 

Chapter 5 deals with miscellaneous TYPE I and II 
experiments which are required for the correlation of the 
three types of experiments in Chapter 6. The various 
components of the ionic molal shift are evaluated, using the 
results of the TYPE II and III experiments and a simple 
solvation model, which incorporates the effects of both 


coulombic and structural solvation. The basis of the model 
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is explained in detail, and the characteristic NMR shifts 
from the three different experiments involving small or 
multivalent cations in water and methanol are fitted to its 
defining equations. The solvation properties of large mono- 
valent cations and anions are also discussed in terms of 
this model, utilising values of the NMR shifts taken from 
the literature. 

In previous work with the NMR spectra of hydroxylic 
solvents in electrolyte solutions, attention has been 
focussed almost exclusively on the hydroxyl group ty reson- 
ance. Since the advent of the See transform method has 
allowed the observation of carbon 13 NMR spectra of natural 
abundance samples, a series of experiments was performed 
which should be regarded as a preliminary study of the 
applaicativonsoL ie NMR to solvation chemistry. Chapter 7 
deals with the TYPE II and III carbon-13 NMR spectra of 
solutions of Mg(II) and Al1(III) in bulk alcohols. The 
features of the spectra and ac shieldings in the solvent 
molecules coordinated to the cations are discussed. The 
effect of the cation on the shielding of nuclei in the 
coordinated molecules is compared with that of an electro- 
negative substitutent in an a-substituted alkane. The 
unusual effects on the anion in ethanolic solutions of 
aluminum chloride were investigated by comparison of the 
1 3 


H and C spectra with those of ethanolic alumium perchlor- 


ate solutions. 
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The conclusions inferred from the results of all of the 
experiments are summarised in Chapter 8. A list of sug- 
gestions for future work is included, since several inter- 
esting phenomena were observed which were not rigorously 


investigated. 


CHAPTER 2. 
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aE Materials. 


Perdeuterioacetonitrile (CD,CN), from Stohler Isotopic 


3 
Chemicals, was distilled from freshly opened phosphorus 
pentoxide, then from calcium hydride, collecting the middle 
90% from each distillation. The product was stored over 

4A molecular sieve. Tetramethylsilane (TMS) was added before 
sample preparation to serve as an NMR internal reference. 

Acetonitrile (CH,CN) , Baker reagent grade, was distilled 
twice from phosphorus pentoxide and then from calcium hydride, 
the middle 60% being collected and stored over 4A molecular 
sieve. 

Tetramethylsilane, from NMR Specialties, was refriger- 
ated over 4A molecular sieve before use. 

The sample of purified water was supplied by Dr. H. B. 
Dunford. It had been passed over cation and anion exchange 
resins, distilled three times from alkaline permanganate and 
finally distilled normally. 

Reagent grade methanol, n-propanol, iso-propanol, n- 
butanol and t-butanol, all from Fisher Chemicals, were soxhlet 
extracted with 4A molecular sieve for 24 hours and then dis- 
tilled, the middle 60% being collected over 4A molecular sieve 

Ethanol containing impurities (including water) at the 


level of a few parts per million was obtained from the U. S. 


Se 
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Industrial Chemical Co. The NMR spectrum of the neat liquid 
at 20° contained a well resolved hydroxyl proton multiplet, 
indicating very low concentrations of acidic or basic im- 
purities. 

1,2-Ethanediol and 2-methoxyethanol, from Eastman 
Chemicals, were distilled under reduced pressure, collecting 
the middle 60% over 4A molecular sieve. 

Diethylamine, from Eastman Chemicals, was refluxed with 
fresh sodium hydroxide and then distilled, Ereihibaecennte the 
middle 60% over 4A molecular sieve. 

All of the perchlorate salts were supplied by the G. F. 
Smith Chemical Co. The calcium and strontium perchlorates 
were obtained as hexahydrates and the barium salt as the 
trihydrate; they were dehydrated by heating at 100° under 
aetemunty: gradually increasing the temperature during several 
days to 200°. The lithium, sodium and magnesium salts were 
obtained labeled "anhydrous". They were dried by heating at 
200° under vacuum. 

All of the perchlorate salts were then dissolved in a 
minimum of acetonitrile. The heat of solution in most cases 
caused the solvent to boil and the hot solutions were fil- 
tered through previously dried Whatman's No. 1 papers to re- 
move slight residues. The solutions were cooled and the 
crystals separated by filtration. Occluded solvent was 
removed under vacuum and the salts were dried by heating at 


200° for several days. 
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Aluminum and gallium trichlorides were obtained from 
Alfa Inorganic Chemicals in anhydrous form and were used 
without further purification. 

All of the materials were stored in a drybox (a des- 
cription of the drybox is given below). 100 MHz 1 NMR 
spectra of the solvents and concentrated acetonitrile solu- 
tions of the perchlorate salts were used to confirm the 
absence of significant residual water. The perchlorate 


salts contained no chloride detectable by the silver nitrate 


test and aqueous solutions of them were neutral. 


202 Preparation of Samples for NMR. 


All materials except water were handled in a specially 
equipped glove box. The nitrogen atmosphere was constantly 
exposed to fresh phosphorus pentoxide and was cycled using a 
small gas pump, eich bubbled it through sulphuric acid and 
over sodium hydroxide pellets. The glove box was kept 
slightly above atmospheric pressure. 

All weighings were done inside the glove box on a Cahn 
DTL millibalance. A radioactive source was used to eliminate 
static charge accumulation, which would otherwise have caused 
large weighing errors. 

In the TYPE III 1:1 association experiment, solid was 
weighed directly into a 1 ml. volumetric tube. Solvent was 


added to dissolve the solid and the liquid substrate was 
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added from a 10 yl. syringe. Solvent was then added to make 
the solution up to the calibrated volume. The solutions were 
mixed and transferred to 5 mm. o.d. medium wall NMR tubes 
fitted with auxilliary stopcocks to exclude air. The tubes 
were connected to a vacuum rack, the solutions degassed by 
freezing and pumping (two cycles), and the tubes were sealed. 
Samples for the low temperature TYPE II solvation shell 
spectra were prepared in a similar manner with the exception 
that the hydroxylic solvents were added from calibrated pip- 
ettes to ensure a known molar ratio of salt to solvent. 5 
mm. o.d. tubes were used for the proton spectra and 10 mm. 
for the carbon-13 studies. The 10 mm. tubes were sealed 
with plastic stoppers and the solutions for carbon-13 spect- 


roscopy were not degassed. 


Bree NMR Spectroscopy 


Most of the proton spectra were obtained on a Varian 
HA-100 spectrometer and the rest on a HA-60. Unless other- 
wise stated, the spectra were recorded at ambient probe 
ESNpStabULe so oo0he | sol both spectrometers. | Lower Lelper- 
atures were obtained with the use of the Varian V-4540 
temperature controller and nitrogen coolant gas. Temperatures 
were measured with the use of a copper-constantan thermo- 
couple inserted in an NMR tube containing methanol. Line 
positions were measured to 0.1 Hz (for narrow lines) by set- 


ting the frequency sweep at resonance, adjusting the radio- 
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frequency field to avoid saturation, and measuring the fre- 
quency difference between the sweep and lock oscillators. 

All chemical shifts are reported as shieldings; that 
is, a positive shift is upfield and represents increased 
nuclear shielding. In some cases, overlap of strongly 
coupled multiplets required computer simulation in order to 
obtain accurate chemical shifts. The computer program 
LAME ’> was used to calculate spectra. 

The natural abundance carbon-13 NMR spectra were re- 
corded on a Bruker HFX-10 pulse Fourier transform spectro- 
Meter at 22.63 MHz. using 10 mm. sample tubes and an external 
deuterium lock. The proton decoupled spectra required ca 
500,accumulations, and the coupled spectra lca 3000 ,accumu— 
lations, Lor satisfactory signal to noawse ratio. s since only, 
the difference between the shieldings of the bulk and bound 
solvent molecules was required, a reference signal was not 
needed. 

Peak areas in the proton spectra were measured by 
electronic integration; those in the carbon-13 spectra were 
measured with a planimeter. The accuracy of the solvation 
numbers derived from the peak areas is controlled by the 
reproducibility of the spectra, rather than that of the 
instruments used to measure the areas. The signal to noise 
ratio of the carbon-13 spectra also limits the accuracy of 
the solvation numbers. The uncertainty in the solvation 


number 1s Usually + 0.5. 
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CHAPTER? 3 


1:1 ION-MOLECULE ASSOCIATION IN ACETONITRILE 
The present study is based upon the methods developed 


by Green and Martin at,71 


for the investigation of halide- 
ion complexes of polar molecules. They have reported the 
NMR spectra of 1:1 complexes between several kinds of proton 
donor molecules and the halide ions in carbon tetrachloride 


solution. The formation of the hydrogen-bonded complex was 


represented by 


Deere PE AI a ies Fe (ea) 
an Oat 


where X is an electronegative group such as Cl.,C- or R-O-, 


5 
and Y is a halide ion supplied by a tetraalkylammonium salt. 
The association constants and NMR shifts on complex formation 
were reported for several ion-molecule combinations. 

It was hoped that 1:1 complexes between diamagnetic 
cations and electron donor molecules could be studied ina 
similar way. The 1:1 complex polarisation shifts of water 
and the alcohols in an inert solvent were expected to be of 
significance in the understanding of the solvation mechanism 
of electrolytes in bulk hydroxylic solvents. 

The choosing of a suitable "inert" solvent presented 
some difficulty. A truly inert solvent would not dissolve 
inorganic salts, and highly polar solvents such as dimethyl- 


sulphoxide solvate the cation and substrate so strongly that 
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no complex is formed. Of the three most suitable candidates, 
acetone, acetonitrile and propylene carbonate, acetonitrile 
was chosen because it is easily purified and is readily ob- 
tainable in fully deuterated form at reasonably low cost. 

The perdeuterated solvent has the advantage that it does not 
obscure regions of interest in the proton NMR spectra of the 
substrate. Perchlorate salts were used to minimise anion 
effects. 

The experiment was performed as follows. To solutions 
containing small quantities (ca 0.1M) of the substrate, 
increasing amounts of the perchlorate salt of a cation were 
added, up to ca 1M. These conditions were chosen to favour 


1:1 association. 


R——O + M —>~> + RO (S22) 


It is found that the substrate hydroxyl proton signal shifts 
to lower field but remains sharp, which indicates rapid 
equilibration of the free and complexed substrate. The pro- 
tons in the alkyl group are affected to a much smaller extent, 
the shift decreasing in magnitude with distance from the 
oxygen atom, consistent with attachment of the ion at the 
oxygen atom. 

The NMR shift Aa which is characteristic of this experi- 


ment is defined as the difference between the shielding oO. 
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of the hydroxyl proton in the free substrate and the shield- 
ing oO, in the 1:1 complex with the cation. The 1:1 associ- 
ation constant is defined as K = [C]/[1I][S], where’c, I, and 
S represent the complex, the ion and the free substrate 
respectively. Figure 3.1 shows computer simulations (based 
upon the equations given in the next section) of several 
possible graphs of O-H shielding vs. salt concentration at 
constant substrate concentration. It is evident that for 
large association constants (K > 100) the shielding should 
become independent of salt concentration when the salt is in 
excess, and the complex shift A. may be observed directly. 
This was observed in several cases. In these cases the 
observed shielding approached the stoichiometric line (curve 
a in figure 3.1), thus supporting the assumption that only 
1:1 association is significant. In cases of smaller associ- 
ation constants, A, and K were obtained from a suitable an- 


alysis of the equilibrium. 


Gee Analysis of the Equilibrium 


We proceed for the present with the assumption that the 
association depicted in equation (3.1) for the case of an 
alcohol complex is the only one occurring in the systems 
studied. The thermodynamic equilibrium constant Kin appro- 


priate to this interaction is given by 
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HYDROXYL PROTON SHIELDING 


0 0:5 -O 


SALT CONCENTRATION, mole litre! 


FIGURE 3.1. Simulations of the dependence of the 
hydroxyl proton shielding on the concentration of 
added salt for various equilibrium constants K, at 

a fixed substrate concentration (0.1M) and complex 
Sie Aw Curve (a)y ho =" bos) (be hea 00+ (Cc) eK = 20> 
(d) K = 1. Curve (e) illustrates the occurrence of 


multiple equilibria at low salt concentrations. 
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Sa ee a 


Debye-Huckel theory uc 


predicts that the substrate 
activity coefficient Ys will be independent of ionic 
strength; Yo and Yr will both vary as the square root of 
ionic strength inion is proportional to the salt concentra- 
tion. Thus, the term Yoe/VrYs appearing in equation (3.3)should 
be substantially independent of salt Sommer erection This 
would indeed be fortunate weaseeere appropriate activity 


coefficients are not known, nor are they easily measured. 


It is thus convenient to define a new equilibrium constant 


[I] [S] 


related to K by an undetermined factor Ye/VrV9" which is 


vielg 
predicted by the Debye-Htickel limiting law to be l. 
Since the NMR signals of the free and complexed sub- 


strate are coalesced by rapid exchange, the experimental 


shielding o will be the population average 


[S] Cr) 
o=——~—o +a Cae) 
Ss c 
C. Ce 


where Ce is the total substrate concentration 
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A = oO oR (37) 
Ae es Soh ps (3.8) 

and note that 
[I] = crs [C] (3.9) 


where Cy is the total salt concentration. 


Equations (3.4) to (3.9) may be combined to yield the appro- 


priate form of the Scott-Benesi-Hildebrand Sedationi t: 
A A KA 
@ c 


BQUeClON MoU) swore thes LOmmnny = c, + cox, where y = 

[I]/A and x = [I]. A least-squares fit of the observed 
shifts, for a series of samples with different Ch to equation 
(3.10) yields A. = l/c, and Kk = c,/c,- The standard devia- 
tions in the coefficients, and hence Am and K, are obtained 

by methods which have been described before and they include 
estimates of error contributions arising from evaluable un- 
certainties in the observed quantities. ’* 

The actual free ion concentration [I] used in equation 
(3.10) is unknown. It may be approximated by oe and values 
of Aa and K are calculated by least-squares fit to equation 
C3 2eL 0 )e. [I] can then be calculated using the deduced values 
of K and Aa: The calculation may be performed iteratively 


until K and A. remain unchanged on successive iterations. 
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The nth iteration value of [I] is 


{Ulan Coa ee 


A 
n i s(A.) (3.11) 


n-1 


where (Ad n-1 is the deduced complex shift from the n-1 
iteration. 

The correct value of Aa will be obtained by this method 
provided that K is independent of salt concentration and 0. 
and oe are not affected by changes in the concentration of 
the substrate or the complex. The NMR spectra of several 
solutions of water and methanol in acetonitrile were recorded 
and the substrate hydroxyl proton shielding Oo, was shown to 
be essentially independent of substrate concentration over 
the ranges,0.26toO,0;00i.Mt. The hydroxyJ4protonsinethe,~complex 


is expected to respond similarly. 


3.2 The Accuracy of the Parameters A. amd K. 

The question of the accuracy of the parameters Aa and K 
has been treated by Deranleau a in terms of the saturation 
Er actionises [C]/C., which is the fraction of the substrate 
actually complexed. The most accurate values of both para- 
meters are obtained from equation (3.10) when the observed 
saturation range AS lies between 0.2 and 1. When AS is less 
than 0.2, both parameters are uncertain. 


When the equilibrium constant is very large (greater than 


ea 100), Aa can be observed directly to within about 1%, but 
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the intercept of the least squares fit to equation (3.10) 
is very small and the equilibrium constant is very uncertain. 

There remains the possibility that complexes with other 
than 1:1 stoichiometry may go undetected and influence the 
values of K and As A Straight Liné fit to equation (3.10) is 
not always proof of wholly 1:1 association. Deranleau Ae 
has discussed the consequences of multiple equilibria rather 
thoroughly. He concludes that at least 75% of the entire 
saturation curve (AS 2 ca 0.75) must be observed in order to 
show correspondence between the equation for a given stoich- 
iometric model and the equation fitting the data. In the 
systems studied here, it was possible to meet this require- 
ment in most cases. 

The error analysis is consistent with Deranleau's 
criteria: somewhat larger relative errors are given for cases 
of restricted saturation range. The computer program used 
for this analysis weights points inversely as the squares 
of their estimated error. Points at high salt concentration 
have the largest [I] and A, and thus least error. It is 
these points, for which multiple substrate-ion complexing is 
least likely (see Curve e, Fig. 3.1), which have greatest 
weight in the analysis. Consequently, even though multiple 
substrate complexes are not explicitly treated, the analy- 
sis minimises their effect on the deduced parameters. 

Further evidence that multiple equilibria are not significant 


in most cases, is the fact that no significant curvature 
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was observed in any linear regression according to equation 
(32-10 ).. 

The discussion of possible anion and solvent effects on 
the parameters is appropriately made in terms of the experi- 


mental results, which are presented in the next sections. 


3.3 1:1 Cation Complexes of Water and the Alcohols 


Table 3.1 gives the deduced substrate - cation molar 
association constants, in acetonitrile at 35°, of all systems 
studied. The value for the water-magnesium system is listed 
as "large" since it cannot be precisely determined from the 
concentration dependence of the shift. It is probably of the 
order of several thousand. 

Table 3.2 lists the observed saturation ranges for all 
of the systems studied. It can be seen that Deranleau's 
criterion of a saturation range in excess of 75% is met in 
most cases, for which the equilibrium constants and complex 
shifts must be adequately represented. The condition is met 
for complexes of all ions except sodium and for all substrates 
with the remaining ions except for t-butanol. 

Table 3.3 gives the deduced complex shifts, Aa aye, S2UiMih eke 
the systems studied. Where the association constant was 
large, the deduced shift was close to that observed at high 
salt concentrations. The shielding in the complex may be 
computed by adding the complex shift to the shielding of the 


free substrate in 0.1 M acetonitrile solution (see equation 
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(3.8)). The shieldings for the substrates are given in 
tape. .4;, 

The cation-methanol experiments were repeated at lower 
temperatures, using the sodium, lithium and magnesium per- 
chlorates. These salts span the range of observed shifts 
and association constants, and thus should be representative 
of the temperature dependence to be expected of the cation- 
substrate association. Over the range +35° to -21°, the 
cation-methanol association constants increased with de- 
creasing temperature, by a factor of two or three. As 
shown in table 3.5, the complex shifts changed only by 
amounts comparable to their standard errors. The substrate 
shielding, and thus the complex shieldings, decreased sig- 
nificantly as the temperature decreased. 

At the two lowest temperatures, where the shifts appear 
to show significant change, limited solubility restricted 
the range of salt concentrations used and reduced the 
saturation range; thus the probable errors at these tempera- 
tures may be larger than those quoted in the table. 

It appears that, to within experimental error, the 
shieldings of free and complexed methanol both decrease with 
decreasing temperature, but their differences (the complex 


Shaetes) -do not. 


See! Association Constants. It is apparent from table 


8ui) that, for’ a given ion, the variation of the association 
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TABLE 3.4 
Shieldings, in ppm vs. TMS, of Substrates, 0.1 M in Aceto- 


NLECIUL eC Pate some C 


Substrate Shielding (+0.01) 
Water wage 18K) 
Methanol Seer 
Ethanol <2), Ad 
n-Butanol =D 0 
~-Propanol -2.44 


t-Butanol =—2 23 


Si 
TABLE 3.5 
Temperature Dependence of Shifts and Shielding of 
Methanol Cation Complexes 


Temp. Complex shifts, ppm Shielding of 
+ 
2c Na Ta Mg** Methanol 
A K A K A K 
c c ‘@ 
O50 = (Oba haem Tee a Ae) =J..54 5 aa = oe) 300 eels 0) 
21 Oy tien Egy = debe 6.9 ace eke: = Ae at | 
TOO = (Oi. geS gan O idee of ah 2 9:6 = “eo 20 
OD =) ale mde OL de al. 8.8 =e SS e —2ir23 
al (ats = OOo oisel le AD mel:0'.16 = Zee. = -2.33 
aoe bet) =i) Cua ako sod, 4.4y ol 3 oof Saou large #2.38 


The methanol shielding is for 0.1 M methanol in acetonitrile; 
it is in ppm vs internal TMS. Standard errors, in temperature, 
1°; in complex shifts (Li and Na’) 0.66 ppm, (Mg’*) eos 

ppm; in methanol shielding, 0.01 ppm; in K (Lie and Na’) 
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constant with’ substrate is ‘in the order, H-O'> (CH,OH, 


2 
C,H,OH, n-C ,H,OH) 23 ¢-C HOH > t-C ,H,OH. This differs from 
the trend found for anion complexes of alcohols. > The 


anion association constants reflect the inductive proper- 
ties of substituents on the a-carbon atom; the cation con- 
Stancs donot. 

It is possible that the small cation association con- 
stants of t-butanol and t-propanol are related to the crowd- 
ing of methyl groups about the oxygen atom. Formation of 
the complex with such alcohols may require an exceptional 
amount of desolvation of the ion. This is not observed in 
the case of anions, since they associate with the more 
accessible hydroxyl hydrogen atom, and because anions in 
carbon tetrachloride are less strongly solvated than cations 
in acetonitrile. 

The cation association constants of water are larger 
than those of any alcohol. Since acetonitrile is a basic 
solvent, it will preferentially solvate the hydrogen of a 
hydroxyl group. Thus, the alcohols will be singly, and 
water doubly hydrogen bonded to the solvent. This inter- 
action with the solvent should result in the polarisation 

S87 $6) 86 


CH{CN-—-H-O-R CH,CN----H-O-H----NCCH 


of the O-H bonds and the resulting charge shift should be 


larndenitore water than for the alcohols. The charge shite 
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accompanying hydrogen bonding should enhance the nucleophil- 
icity of the water oxygen, and thus the association constants, 
relative to those of the alcohols. 8182 
For all of the substrates except i-propanol and t-butanol, 
there is a regular variation of the equilibrium constant 
across the rows of table 3.1. The substrates are more 
strongly bound to ions of high surface potential. This was 


previously observed in the case of the anion complexes. 17! /*! 


uf A less regular variation is observed for t-propanol and 
t-butanol, more closely related to ionic size than to ionic 
charge. It is possible that association with these substrates 
is sterically controlled. 

An attempt was made to study the effect of a strongly 
electron withdrawing substituent on the complexing ability 
of an alcohol by conducting the TYPE III experiment for 2,2- 
2-trifluoroethanol with Mg(II) in dilute acetonitrile solu- 
tion. For salt concentrations of up to 1 M there was almost 
no change in the shieldings of the protons in this substrate, 
nor in the shielding of the CF. group fluorine nuclei. Since 
there is no reason to expect a very small complex shift for 
this substrate, the explanation of these observations is most 
probably that the association constant K is close to zero. 
It appears that 2,2,2-trifluoroethanol acts as a weaker base 
towards Mg(IT) than either ethanol or acetonitrile. 

Sherry and Purcell a have shown that trifluoroethanol 


is able to form strong hydrogen-bonded complexes with basic 
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molecules in methylene chloride. The hydroxyl proton in 

the complex is deshielded to the extent of 2 to 6 ppm rela- 
tive to that in the free substrate. The CF, group appears 

to increase the acidity of the hydroxyl proton in trifluoro- 
ethanol whilst decreasing the basicity of the hydroxyl oxygen 
atom, towards cations and basic molecules respectively. It 
is apparent that whereas the strongly electron withdrawing 
CF, substituent in the substrate is able to affect the 

cation association constant, any differences in the inductive 
properties of the alkyl chains of the other substrates 


studied do not significantly influence the cation association 


constants for these substrates. 


3,3 6208 ene; complex Shirts. The values of the cation-substrate 
complex shifts given in table 3.3 show a large regular vari- 
ation with ionic surface potential. The variation with the 
substrate is smaller and irregular. For a given cation, all 
substrates show essentially the same complex shift, with a 
relative standard deviation of 10% or less. This suggests 
that, in all cases, the ion complexes have the same structure, 


which is primarily determined by the properties of the hydroxyl 


group. 
SIRS Effect of the Counterion. Perchlorate is a large 


monovalent anion and may be expected to have low polarising 


capability. However, its effect on the substrate hydroxyl 
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proton shielding may be estimated by studying the effects 
of the addition of increasing amounts of tetrabutylammonium 
perchlorate to acetonitrile solutions of a substrate. The 
tetrabutylammonium cation is also weakly polarising. Although 
the effects of the cation and anion cannot be separated, an 
upper limit may be placed on the effect of perchlorate. In 
this system, the shielding moved downfield monotonically and 
did not exceed -0.2 ppm at 1M salt concentration. Cogley, 
Silo las, ie reported that the salt induced shifts of water 
in propylene carbonate were identical for perchlorate, tetra- 
fluoroborate, and tetraphenylborate salts. It is therefore 
reasonable to propose that the counterion effect is negli- 


gible. 


Sobsied Effect of the Solvent. It is possible that the 
solvation of the substrate by acetonitrile, the "inert" 
solvent, may affect the complex shift. For the cation com- 
plexes, involvement of the solvent S may be represented by 


the equation 


i fe 
fe) 


O---tn 


‘Bs ‘s 


The displacement of the solvent molecule Sy from the sub- 


strate oxygen may affect the hydroxyl proton shielding, but 


72,74 


thebe. ps evidences thiatwete caoecs. TOc. Solvation of the 


74 ; 
proton by S, 1S Significant. Cogley et al. have studied 
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complexes of water with lithium and sodium ions in propylene 
carbonate solution. When their data are analyzed by the 
Scott method,* complex shifts of -1.49 ppm for lithium and 
-0.96 ppm for sodium are deduced. The corresponding shifts 
for these ions in acetonitrile are -1.48 ppm and -0.89 ppm. 
Thus, the cation-water complex shifts are the same in both 
solvents, even though the shieldings of both the substrate 
and the complex differ between the two solvents. Apparently 
the solvent effect on the hydroxyl proton shielding is un- 
affected by formation of the complex. 

The absence of temperature effects on the complex 
shifts is also consistent with the assertion that all sig- 
nificant substrate-solvent interactions, which would pre- 
sumably give rise to the temperature effect, occur at a site 
other than that at which the complex forms. 

Similar studies of anion complexes support the 
postulate that solvation of the substrate oxygen does not 
affect the shielding of the hydroxyl proton. The significant 


change of state upon the formation of a methanol-chloride 


c Cogley et al. (Ref. 74) analyzed their shift vs. concent- 
ration curves by an uniterated Benesi-Hildebrand method in 
which the equilibrium ion concentration was assumed to be 
the total ion concentration. For reasons state previously, 
the iterated analysis is considered to be more selif-con- 
sistent and the complex shifts quoted above were obtained 


from Cogley's data by the iterative method of analysis. 
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One would expect that since the important solvation is re- 
moved on formation of the complex, the complex shift would 
be solvent dependent, but that the shielding of the complexed 
substrate would be insensitive to the solvent. 

Ormondroyd et al. We have shown that the methanol- 
chloride complex has the same hydroxyl proton shielding in 
acetonitrile and in carbon tetrachloride. In these solvents, 
dilute methanol has widely different shieldings. Thus, the 
anion complex shift is solvent dependent, while the complex 
Shen indo ts angi. 

The cation and anion complex shifts thus indicate that 
the largest contribution to the solvent-induced shielding of 
hydroxyl protons in dilute solution arises from solvation of 
the hydrogen, and that solvation at the oxygen does not 
produce a significant effect. This is consistent with a 
short-range shielding mechanism. Thus cation induced shifts 


are dominated by the direct ion-substrate interaction. 


3.4 Cation Complexes of Bidentate Substrates. 


The substrates discussed in section 3.3 had the common 


feature of containing only one nucleophilic site: the 
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hydroxylic oxygen atom. The (approximate) structure of the 
cation complexes of these substrates can be predicted with con- 
fidence from the consideration of the interaction between the 
ion monopole and the substrate permanent and induced dipoles 
(see Chapter 4). When a substrate molecule contains two 
labile groups as in an alkane diol, several questions arise 
in predicting the stoichiometry and structure of their cation 
complexes. Are one or both donor sites involved in bonding? 
If the latter is the case, do the two sites donate to the 
same or different ions? Will the structure and stoichiometry 
be the same for all ions? Do two or more of the possible 
equilibria occur simultaneously? The treatment of the data 
depends strongly on the answers to these questions. 

For example, consider the cases of a 1,2-diol acting 


in either a monodentate (I) or bidentate (II) fashion. 
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If one of these complexes exists in equilibrium with the 
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free substrate, the population averaged shielding (Oo, and Ort 


in each case will be 
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where a, b, and d label the hydroxyl protons shown in struc- 
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that eh a 3 0.) /2 ee om iT Og) /2. In this event, the complex 
shift = for structure I will be about half of that for the 
chelate II. It is expected that the complex shift for 
structure II will be of the order of that found for the com- 
plexes of water and the alcohols with the same cations in 
acetonitrile solution. If 2:1 association (2 ions and 1 
substrate) does not occur, then it should be possible to 
distinguish between species I and II in this way. 

The association constant K should also give some in- 
dication of the nature of the complex. The equilibrium con- 
stant for species I could be larger than that for the cor- 
responding alcohol complex by a maximum factor of 2, simply 
because the diol has twice as many nucleophilic centres. 

It is well known a that for a bidentate substrate, chela- 
tion is energetically favoured over the alternative mono- 
dentate donation. Thus, species II should be more stabie 


than species I and chelation should give rise to much 


larger values of the equilibrium constant than those found 
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for the alcohols. A complex (III) involving two ions will 
probably be less stable than either of the others because 
of coulombic repulsion by the cations and because of com- 


petition for the negative charge in the polarisation 


Mor So co 
OF att 
4 
+ 
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biss, 
of the substrate molecule. This would predict a lower 


degree of association than in species I. 

The salt concentration dependence of the hydroxyl 
proton shielding of ethylene glycol and 2-methoxyethanol 
was analysed by the method outlined in section 3.1, assum- 
ing 1:1 association. The limiting shifts and equilibrium 
constants are listed in table 3.6. 

The limiting shifts are in all cases slightly larger 
than those found for water, methanol and ethanol with these 
cations. The association constants, which were computed 
assuming 1:1 association, are larger than those found for 
water or any alcohol with a given cation. From this data 
and the prior discussion, it may be inferred Chat structure 
II is the one predominantly involved in the complex equilib- 
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The salt dependent proton shifts in the a-CH,, and 
CH30 groups were analysed in the same way. The results are 
presented in table 3.7. The values of the equilibrium con- 
stants are the same, within experimental error, as those 
found from the hydroxyl proton spectra. For 2-methoxyethanol, 
both of the CH, and CH,0 proton shieldings are affected to 
the same extent upon addition of the salt. The shieldings of 


the protons in the CH, groups of 1,2-ethanediol are also 


2 
affected to the same extent by the cations. This would not 
be expected if the oxygens donated to two different cations 
unless the equilibrium constants were fortuitously equal, 
which is an unlikely eventuality. Thus, all of the available 
data is indicative of the formation of a chelate complex of 
the type II. 

Certain alicyclic compounds, such as cyclopropane and 
norbornane, have rigid frameworks and their ets and trans 
1,2-diol derivatives should have strong and weak chelating 


ability respectively. Although not treated here, their 


cation complex equilibria could be studied in the same way. 
Hee) Cation Complexes of Nitrogen Bases. 


It is well known that the coordination chemistry of 
the alkali and alkaline earth metal ions is dominated by 
coordination to oxygenic compounds. These ions demonstrate 
little tendency to associate with nitrogen bases in the solid 
phase. °4 An attempt was made to determine if a cation com- 
plex of an amine could be formed to any great extent in 


acetonitrile solution. 
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TABLET 3~ 7 


Limiting CH. and CH,0 Proton? Shitts and 


Equilibrium Constants of the Cation 


Complexes of Bidentate Substrates 
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Increasing amounts of magnesium perchlorate were added 
to 0.1 M acetonitrile solutions of diethylamine and the pro- 
ton NMR spectra were recorded. The CH, and CH, Signals (of 
diethylamine) moved progressively downfield as the salt con- 
centration was increased. The single peak assigned to the 
N-H proton resonance appeared in only a few of the spectra 
of solutions containing the salt. Presumably the signal is 
(quadrupole and/or exchange) broadened to the extent that it 
disappears in most spectra. For this reason, its shielding 
dependence could not be analysed. However, it should still 


be possible to analyse the equilibrium by resorting to the 


ethyl group proton shieldings. The dependence of the CH 


2 
and CH, proton shieldings upon the Mg(C10,), concentration 
is shown in figure 3.2. Upon analysis of these curves using 


equation (3.10), the substrate was found to be quite weakly 
complexed. The parameters K and An could only be found 
approximately because of the restricted saturation range. 
The equilibrium constant is about 1.5 and the complex shifts 
are about 0.25 ppm for the methyl protons and 0.75 for the 
methylene protons of diethylamine. 

The complex shifts may be compared with those obtained 
for the ethyl group protons in the association of magnesium 
with ethanol, for which the equilibrium constant is two 
orders of magnitude greater. The limiting shifts found for 
ethanol are 0.13 ppm for the CH. andw0s. 2s Lor the CH. - Thus, 


it appears that Mg(II) is able to induce greater shifts in 
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FIGURE 3.2. Dependence of the alkyl proton 


Sshieldings on Mg(C10,). concentration for 


0.1 M solutions of ethanol and diethylamine 


in, ,acetonitrile at_35 Diethylamine CH, (@), 
CH, (m). Ethanol CH, (a), CH, (@). 
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the alkyl protons of an amine than in those of an alcohol, 
even though the association with the alcohol is much stronger 
than with the amine. Because the shift decreases with dis- 
tance from the oxygen or nitrogen atom in the two substrates, 
it is reasonable to propose that association between the 


amine and the cation occurs through the nitrogen atom. 


Mg** 
Sram | 
a 
(CH3CH.,) .NH + Mg es (CH,CH.) NH 


However, in the amine complex, the cation is forced to take 
up a position at the nitrogen lone pair and the structure of 
this complex may be different from that of the alcohol com- 


plex, for which a planar configuration is possible. 


It is not possible to distinguish between the alternative 
structures for the alcohol complex from the available data. 
However, the large differences in the alkyl proton complex 
shifts for the amine and the alcohol complexes of Mg (IT) 
may suggest a structural difference between them, possibly 


of the kind suggested. 
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CHAPTER 4 
ELECTROSTATIC MODELS FOR THE 1:1 ION-MOLECULE ASSOCIATION 


Experimental quantities are generally regarded as being 
"understood" or "accounted for" when they are successfully 
calculated on the basis of the elementary laws of physical 
science. When exact calculation is not possible,, attempts 
are made to show qualitative consistency with theory or with 
other data which is "understood". For the 1:1 complex equil- 
ibria described and tabulated in chapter 3, both the equil- 
ibrium constants and complex shifts may be subjected to 
theoretical treatment. 

The exact nature of the bonding in the 1:1 complex is 
unknown. Because the bonding is weak (AH of formation is 
about an order of magnitude less than a stable chemical 
bond) it is not unreasonable to proceed with the assumption 
of an entirely electrostatic interaction. Such a descrip- 
tion has been used by others the to account for weak ion- 
molecule interactions. The possibility of a small covalent 


contribution is of course not ruled out. 


Ayal: The Equilibrium Constants. 


The process involved in the formation of the 1:1 com- 


plex is one of selective solvation 
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Where S represents a solvating acetonitrile molecule, and p 
and q are the solvation numbers of the cation in the free and 
complexed states respectively. The values of p and g are 
unknown and it must be assumed that the quantity p-q remains 
constant for all of the ion-molecule complexes studied. The 
desolvation free energy should then vary in the same way as 
the energy of the ion-substrate interaction and it may be 


ignored. The process depicted in equation (4.1) then becomes 
+ 
a) Sa ee ha ee (4.2) 
ese 
with the free energy change 


KGo = -RTInK, (Ar 3) 


h 


where K is the thermodynamic equilibrium constant, which 


th 
was shown to be proportional to the equilibrium constant 
defined by equation (3.4) and tabulated for the cation complexes 
of water and the alcohols in table 3.2. 

The Gibbs free energy has the contributions AG° = AH° - 
TAS®. The contribution to AS° arising from the choice of 
standard state is constant for both the gas phase and solution 


Biase reactions. According to’ Searles and "Kkebarie 7 


AS’ for the complex reaction (depicted by equation (4.2)) 

in the gas phase may be estimated by standard statistical 
mechanical methods (Sackur-Tetrode equation). The calculated 
AS depends upon the calculated ion-molecule potential energy 
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is expected to vary in the same way as AH° and, from equation 
(4.3) and the above arguments, ln Kin should be proportional 


to AH® and to U. 


Green and Martin a have estimated the ion-molecule 
electrostatic potential energy Us. for hydrogen bonded com- 
plexes and their procedure is applied here. The electric 
field due to the ion monopole is regarded as interacting 
with the permanent and induced dipole moments of the sub- 
strate when the ion and the molecule are in Van der Waals 
contact. The Van der Waals attractive (dispersion) and re- 
pulsive forces are disregarded since they are expected to 
remain approximately constant, in which case the potential 


energy U, is given by 


a 1 
Uk = 2 ee + 7%": ) (4.4) 


where E, asmthe electric field at the “ee bond, uw is the 


permanent bond dipole moment, and a is the bond polarisabil- 
ity tensor. 

The permanent dipole is represented by point charges 
gq, at the atoms, derived from a sum over bond moments. The 
induced dipole is located at the polarisability centroid of 


the bond. The potential energy then becomes 
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hg ES ae ei ynee> swe FeCVePeNS cas Se cm +, dipole moments 
in Debyes, and the charges q and Ze are in atomic units 

(esu x Tomes ob and nat are the components of a along and 
perpendicular to the bond. a = 1 when atoms i and j are 
bonded and zero otherwise. The radii ae and angles ie are 
defined in figure 4.1. The calculations were made using 
standard values SOE of bond lengths, angles,moments, and 
polarisabilities, as listed in table 4.1. 

Examination of energies calculated with the ion in 
contact with the envelope of the atomic Van der Walls sur- 
faces showed, as one would expect, a minimum energy of associ- 
ation at the oxygen atom. The minimum was broad, so the 
energy is not critically dependent on the assumed geometry 
of the complex. The values presented are for a planar com- 
plex in which the cation is on the bisector of the oxygen 
bond angle. 

For complexes of similar structure, one would expect 
the computed electrostatic potential energy to predict the 
gross trends in the enthalpy of association. If, as is 
usually found ora the entropy changes and desolvation contri- 
butions are either constant or proportional to the enthalpy 
changes, then log(K) should be linear in Ue: Figure 4.2 
shows that such a relationship does obtain. It appears 


that the dependence of the energies on the cation may be 


accounted for electrostatically. 
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TABLE 4.1 
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Quantities Used in the Calculation of the Ion-Molecule Hice= 


trostatic Potential Energy for Methanol Complexes of the 


Cations 
Atom Polarisabi lity Radius A 
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FIGURE 4.2. Relationship between the observed 
cation-molecule association constant and the 


calculated electrostatic potential energy. 
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4.2 The Complex Shieldings 


Calculations of the nuclear shielding constant o have 
in general been based upon models in which o is divided into 


atont GecOler DuGILONS. | "ACCOrdingstoOrcalka and olichter “a 


OF = Oe tO. 4 OE Oo (4.6) 


where o., and oy, are the diamagnetic and paramagnetic contri- 


d 
butions, is the shielding induced by the magnetic moments 
of other atoms, and ce is the contribution from interatomic 
currents. Ss is zero in a tumbling molecule if the other 
atoms have isotropic susceptibilities. 

Buckingham se has shown that for a molecule in an 
external electric field Eo the distortion of the electron 
cloud about a nucleus will affect om and Sis or will be 
diminished in the x, y and z directions with the greatest 
effect in the z direction. us is unaffected in the z dir- 
ection but will be reduced in the x and y directions. For 
electric field induced shifts in protons attached to carbon, 
Buckingham arrived at the equation 


ho, = 2% tor aes 2S Th tip eee (4.7) 


where higher orders of E are neglected. 
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Subsequent work has shown that an equation of 


this form may be applied more generally to protons attached 
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to any heavy atom. In this more general setting, the 


Buckingham-Musher equation 
Age s=uAlex pl Oat e Bax tO) E (4.8) 
e 2 


has enjoyed considerable success. The coefficient B is 
usually assigned the hydrogen atom value 2. On /S 0s) oa nice 
the contribution of the quadratic term is usually small, the 
value assigned to B is not critical. The coefficient of 


the linear term A has been evaluated experimentally eee 


91,92 


and theoretically for protons bonded to various first 


row atoms. It may be related to the polarisability of the 


X-H Bonde. 


Green and Martin 41,71 


have applied equation (4.8) to 
shifts induced in proton shieldings by the electric field 
of the anion in 1:1 ion-molecule complexes. For inter- 
actions of the type X-H---Y , where Y is a halide anion, 
they obtained values of A = 3 when X is a carbon atom and 
A = 5.5 when X is an oxygen atom. It is consequently of 
interest to apply the Buckingham-Musher equation (4-8) to the 
1:1 cation complexes of water and the alcohols. 

In order to estimate the electric field due to the 
Cation acting at the hydroxyl proton, it is necessary to 
assume a particular geometry for the complex. A planar 


complex was chosen for the calculation, as depicted in 


figure s4.3. she electric) field at the proton is Ze/r-, eR 


(8.6) 
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FIGURE 4.3. 


Planar cation-methanol complex. 
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FIGURE 4.4. Derivation of the Buckingham-Musher 
A coefficient for cation complexes of water 


(@), methanol (@®), and ethanol (4A). 
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which case the component in the z direction E. will be 

(Zecos6)/r*; Z is the ionic charge, and the radius r (in 
° 

units of A),and angle 9,are defined, in, figure 4.3... The 


Buckingham-Musher equation then becomes 


Ao, = Rmeiiee aeose - 03 Bz ra. (4.9) 


in which case Ao, is in ppm. 

Assuming Van der Waals contact and a planar configur- 
ation, r and 9 may be computed from the values listed in 
table 4.1. Equating Ao, with Awe equation (4.9) may be re- 
arranged such that a plot of y = AG uF oaeZ a vs. X = 
4.80Zcosé would yield the A coefficient as the slope. A 
least-squares fit in this way was performed for all of the 
ions with water, methanol and ethanol, as shown in figure 
4.4, and a value of A= 1.6 £ 0.3 esu t was obtained. 

It is of course important to estimate the extent to 
which the value of A depends upon the assumed geometry. The 
fit to equation (4.9) is dominated by the linear term and it 
turns out that the quantity TE COS 8 is quite insensitive 
to the position of the ion on the oxygen atom. Thus, the 
calculated value of A does not depend strongly upon the 
assumed geometry. 

The observed differences between the complex shifts of 
the alkyl group protons in the complexes of magnesium (IT) 
with ethanol and diethylamine are difficult to rationalise 


in terms of this model. The A coefficient appropriate to 
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this discussion is that of the C-H bond, and is usually 
taken to be 3.0 esu™. It is a property of the C-H bond 

and should be independent of the atom in the substrate to 
which the ion is attached since the Buckingham-Musher 
equation is concerned only with the through-space inter- 
action between the ion and the alkyl proton in question. 

The small difference between the Van der Waals radii of O 
and N is insufficient to account for the large discrepancy 
found between the shifts for the amine and alcohol complexes 


(a factor or 3 “E0r*the'ChH—sand+a&. O-wionm tie CH,)- Further- 


2 
more, the observation that the differences are not the same 
for the CH. and CH, protons implies, according to the model, 
that the average distances between the alkyl protons and 
the ion are not the same in the two complexes. This 
suggests a possible average conformational difference between 
the diethylamine and ethanol complexes. It is also possible 
that there exists an important through-bond contribution 
to the shift which is not allowed for by the Buckingham- 
Musher model. In view of the limited data, it does not seem 
profitable to pursue this point any further at the present 
time. 

The A coefficient for the O-H bond of 1.6 esupec de- 
duced from the cation complexes of alchols, is substantially 
smaller than the value previously inferred from the shifts 


of anion-alcohol complexes. 7+ This discrepancy is greatly in 


excess of experimental error and it cannot be resolved in 
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terms of the simple electrostatic model. 

The counter-ion, perchlorate, may contribute to the 
field at the proton, but its effect is much less than that 
of the cation (see section 3.3.3). 

The electrostatic model used takes no account of 
dielectric polarization of solvent and substrate. There is 
no obvious way to evaluate this effect. However, there 
appears to be no reason why it should differentiate strongly 
between cation and anion association. 

The discrepancy between the two A values does not 
arise from saturation of the hydroxyl charge shift by large 
electric fields. The fields arising from the cations studied 
can be calculated; they span the range of the anions' 


electrostatic fields. 


4.2.1. The Solvent-Substrate Interaction. Leer SvoL 


interest to evaluate the hydroxyl proton shift arising from 


solvating acetonitrile. The model of Berkeley and Hanna Ao 


anasthein valuevot the nitrile anisotropy was Used) *corcaicu- 


late the shift arising from a collinear O-H---NCCH. complex 


3 
in Van der Waals contact. The shift was calculated to be 
-O 72 DD 1te4 = 156, sandy—2.l*ppm 1h) Ay] 545.) The, observed 
shielding of dilute monomeric methanol is about 2 ppm less 


99 Tt Vehe 


in acetonitrile than in hydrocarbon solvents. 
difference arises entirely from acetonitrile association 


with the hydroxyl proton, then it is more ain accord with) the 


or 


oe 
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calculation using A = 5.5, as in the case of anion associa- 
tion. 

At this point it appears that the most reasonable way 
to reconcile the two values of 4 is to postulate that the 
value 1.6 Sete: derived from cation association at a point 
remote from the hydrogen, is representative of purely 
electrostatic deshielding. The larger effects observed 
when an ion or molecule associates directly with the proton 
involve an additional mechanism, possibly a covalent contri- 


bution to the hydrogen bond.” 


CHAPTER 5 
TYPE I AND II SOLVATION SPECTRA 


The lifetimes of the solvation shells of certain highly 
polarising cations (Be(II), A1(III) etc.) are so long, at 
low temperatures, that it is possible to observe separate 
NMR signals for molecules in the solvation shell and in the 
bulk solvent in solutions of these ions. Spectra of this 
kind were designated TYPE II in Chapter l. 

Aqueous electrolyte solutions have relatively high 
freezing points (0 to -20°C) and TYPE II spectra of water 
have been observed only for very concentrated solutions of 
the salts close to their freezing points.” Since the NMR 
shifts which characterise this experiment are defined in the 
limit of infinite dilution of the salt (see equations (1-10) 
and (1.11))the spectra of the concentrated solutions are of 
limited utility. They have been used primarily to evaluate 
the cation solvation number. 

The lower primary alcohols have freezing points con- 
Siderably lower than that of water and solutions of electro- 
lytes in alcohols have been studied by NMR down to ea -100°C. 
At the lower temperatures the rate of exchange of the bulk and 
bound solvent molecules is slow (on the NMR time-scale) and 
several TYPE II spectra of alcoholic solutions have been 
reported. 


Of the six cations whose 1:1 complex equilibria with 
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hydroxylic substrates (TYPE III experiments) were discussed 
in Chapter 3 and 4, TYPE II spectra have been observed only 
for solutions of magnesium perchlorate in methanol and in 
ethanol. For these systems, the cation solvation numbers 
and bulk-bound solvent exchange kinetics have been reported. 
sat In addition, the dependence on the salt concentration 
of the hydroxyl proton shielding of molecules in the solva- 
tion shell of Mg(II) has been reported for methanolic solu- 


oe This data allows the eval- 


tions of magnesium perchlorate. 
ulation of the infinite dilution solvation shell shift for 
Mg(II) in methanol, as shown in section 5.1. A similar 
experiment was performed in the present work for solutions 
of magnesium perchlorate in ethanol and the results are 
presented in section 5.2. The sig iBiiont RAE dilution solvation 
Shell shifts derived in this Chapter for Mg(II) in methanol 


is required in the correlation of the TYPE I, II and III 


experiments which is given in Chapter 6 of this thesis. 


oe al TYPEALI spectra, of Mg (Lt). insMethanols 


Butler and Symons >” have recorded the proton NMR 


spectra of methanol containing different amounts of magnesium 
perchlorate, at -69°C. Separate hydroxyl proton resonances 
were observed for the solvation shell and bulk solvent mole- 
cules and the shielding of each sashes was found to vary 


linearly with the salt concentration. The coordinated 
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* 
solvent NMR shifts and salt concentrations given in table 


1 of reference 59 were plotted and are shown in figure 5.1. 
Extrapolation of the least-squares straight line through the 
points to zero salt concentration yields the solvation shell 
shift A, =e 69 DPM ateinrinite, allution. 

The average shielding O.. of the residual solvent 
appears to be linear in total perchlorate ion concentration 
and the perchlorate ion molal shift was taken to be 
(do /dm) 9° This was justified by Butler and Symons on the 
basis that when the cation molal shifts derived from the 
perchlorate value are plotted against ionic surface potential, 
a continuous curve is obtained. If some other value for the 
perchlorate shift is used to derive the cation shifts, a 
discontinuity occurs between the divalent and monovalent 
cations. Continuous curves were also obtained from cor- 
relations of the derived anion shifts with the pK_'s and NMR 
shifts of the anion conjugate acids. Individual ion molal 
shifts derived in this way are expected to closely resemble 
the absolute values of the molal shifts. Similar correlations 
have since been made for the molal shifts of water oe and 


it appears that absolute scales of individual ion shifts are 


* Only four high concentration values were given in table 
1 of reference 59. Butler and Symons stated that lower 
concentrations were studied and that the shift is linear 


in salt concentration from less than 0.1m up to 1.2 m. 
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now available for both solvents. 


ee Teh elleoPeCtra OLeMg (11) Singeathanol. 


| é : f 
Alger : has studied the kinetics of the exchange of 


ethanol coordinated to magnesium(II) with the residual sol- 
vent in a 0.25 M solution of magnesium perchlorate in ethan- 
fokyas hist bye ly NMR. He has shown that the limit of slow 
exchange is reached at lower temperatures for this system 
than for Mg(II) in methanol. Since the concentration de- 
pendence of the solvation shell hydroxyl proton shielding 
is required to evaluate Agr the intingte dilution shift, 1t 
is first necessary to establish the temperature regions of 
slow exchange for the entire concentration range to be 
studied (a partially coalesced spectrum would not yield the 
correct value of A,)- 

The hydroxyl proton shieldings were monitored as a 
function of temperature for two solutions of magnesium 
peccnloratew (0 22.ands0. od sm)! ein etnanc tee over the range 
=93 22 5tO. +20, These solutions are representative of the 
concentration range (0 - 1m) to be studied. Figure 5.2 


shows the plots of the separation Goh ates ky between the bulk 


elt ropusual to addua trace quantity. (ca, 0.0010M) ol per-— 
chloric acid to the solvent in order to minimise the base 
catalysed exchange of the solvation shell hydroxyl protons.o 
This was done for all of the solutions whose spectra are 


reported in this section. 
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FIGURE 5.2. Effect of temperature on the 
separation of the bulk and bound solvent 
hydroxyl proton signals for 0.22 m (@) 


and 0.81 m (m) magnesium perchlorate in 


ethanol. . 
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and bound solvent hydroxyl proton shieldings, vs. tempera- 
ture for the two solutions. The two curves are essentially 
superimposed and they demonstrate the same coalescence be- 
haviour above ca -45° Thus it can reasonably be assumed 
that "slow exchange" is manifest below -45° for the entire 
concentration range to be studied. The carbon-13 NMR spectra 
of this system are presented and discussed in Chapter 7 of 
this thesis. The coalescence of the bulk and bound solvent 
Signals occurs in the carbon-13 spectrum at about the same 
temperature as in the proton spectrum. This confirms that 
the coalescence is due to exchange of the whole molecule 
and not just to the exchange of the hydroxyl proton. 

The dependence of the solvation shell and residual 
solvent hydroxyl proton shieldings on the salt concentration 
was determined for solutions of magnesium perchlorate in 
ethanol. The relative intensities of the two signals were 
used to deduce the cation solvation number of 6 + .5 which 
remained constant within experimental error over the whole 
concentration range studied. There was no evidence of 
contact ion-pairing, which would be manifest in a reduced 
solvation number at high salt Concentrat tons eon The value 
of the solvation number obtained is consistent with that 
determined by Alger oe at a single salt concentration. 

The variation of the solvation shell hydroxyl proton 
shielding with the total perchlorate ion concentration at 
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FIGURE 5.3. The dependence of the hydroxyl 
proton shielding, of ethanol coordinated to 
Mo GL Weptontthtetsale ccncentvation® for ethanolic 
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range studied with a slope of +0.05 ppm kg mole *, The 


upfield shift with increasing concentration is attributed 

to the interaction of the solvation shell molecules with the 
perchlorate ions. This proposal is supported by the obser- 
vation that if perchlorate is added in another form (in 

this case as the sodium or calcium salts, whose cation sol- 
vation shells are labile) to a magnesium perchlorate sol- 
ution, the magnesium solvation shell shielding remains linear 
in total perchlorate ion concentration with the same slope 

as the line in figure 5.3, to within experimental error. 

The infinite dilution solvation shell shift was 
evaluated by extrapolation of the line in figure 5.3 to zero 
salt concentration and subtracting the shielding from that 
of pure ethanol at -70°. The value of A, deduced in this 
way is -1.06 ppm. It is used in Chapter 6 to estimate the 
molaleshatt.ot Mg(I1) an vethanol at .-702. 

The shielding of the bulk solvent follows the same 
upfield trend with increasing salt concentration as that of 
the solvation shell, as shown in figure 5.4, but it is not 
linear in perchlorate ion molality. In this respect, it 
differs from the linear correspondence found by others for 
Magnesium perchlorate in methanol. In the absence of 
solvent separated ion-pairing, the perchlorate ion is expect- 
ed to sample the available solvent molecules equally, 
inducing the same shifts in both the solvation shell and 


residual solvent hydroxyl spyalwones oe The broken line super- 
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FIGURE 5.4. The dependence of the hydroxyl 
proton shielding of the residual bulk solvent 
on the salt concentration for ethanolic Mg(C10,), 


at -70°. The broken line has the same slope 


As mcier WIne al) ta oubLe 5.3. 
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imposed on the curve in figure 5.4 has the same slope as 
the line in figure 5.3, and points at intermediate concent- 
rations differ from the broken line by up to 25% of the 
residual solvent shifts at those concentrations. The dis- 


crepancy is quite significant but the reason for it is 


presently unknown. Solvent separated ion-pairing, of the form 
aa 

Mg 
1 
2 
O — et 

Yi H C10, 

R 


would be expected to induce a non-linear response in the 
solvation shell hydroxyl proton shielding, as was found for 
solutions of magnesium acetate in asenemol. tole © 
seems unlikely that the direct effect of the cation will 
extend beyond the first coordination sphere. In view of 
this, the deviation from linearity is left unexplained. 

It may indicate additional processes occurring in ethanol 


solutions that do not occur in methanol. 


Spys) The Molal Shift of Barium(II) in Methanol. 

Molal shifts in methanol have been published for all 
of the cations whose 1:1 complex equilibria were studied 
in Chapter 3, with the exception of barium. Consequently, 
the molal shift of Ba(II) in methanol was determined, using 


the method of Butler and Symons.>” The time-averaged 
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hydroxyl proton shift, vs. the methyl peak, was measured 

as a function of salt concentration over the range 0.03 to 
1M. The molal shift of Ba(C10,), in methanol at -69°, 
evaluated as the slope at zero concentration (see equation 
Clo) )9) WaSsdeterminedsto. be +02 238.0 .02 ppmakg. moar 
The molal shift of perchlorate ion in methanol was estimated 


Si) 


by Butler and Symons <0 ebewt 0.25 ppmaKd- moles Thus, 


ie ++ 
taking A (Ba(Clo,).) = A (Ba ) + 2A, (C10 


0.28 - 2(0.125) = +0.03 ppm kg. eye, 
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CHAPTER 6 
CORRELATION OF THE NMR SOLVATION EXPERIMENTS 


49,50,58,60 of NMR solvation studies 


Earlier reports 
have acknowledged that ionic molal shifts in methanol and 
water contain contributions arising from several solvation 
phenomena. It appears that at least three processes must 
be considered, as described below. 

(i) The ion is expected to polarise the molecules 
in its primary solvation shell and induce a shift MN in the 
hydroxyl proton resonance of these molecules. Cations 
associate with the negative (oxygen) end of the hydroxyl 
group and anions associate with the positive (hydrogen) 
end. In both cases, the ionic field should induce a shift 
of electrons away from the hydroxyl proton and this pro- 
cess is generally assumed to result in deshielding. In this 
and previous work ae it is confirmed that this is the 


case for all cations and anions studied. 


(ii) The formation of a hydrogen bond has been shown 
empirically to cause deshielding of the proton in the hydro- 


2g OL The disruption of 


gen atom donor in all known cases. 
hydrogen bonding, which occurs when molecules are removed 
from the bulk solvent into the primary solvation shell of 
an ion, should lead to increased hydroxyl proton shielding 


in both the solvation shell and residual solvent molecules. 


The average shift resulting from this process is designated 
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by the symbol An: 
(1ii) Secondary effects, due to structural solvation, 
may occur in molecules outside the primary solvation shell. 
While it is unlikely that the direct effect of the ion will 
extend beyond the first coordination shell, there is con- 


siderable evidence (see Chapter 1) that the structure of 


water is altered in the neighbourhood of the ions. 


cog A Solvation Model. 

The processes (i), (ii) and (iii) discussed above may 
be incorporated in an extremely simple model for ion solva- 
tion. Cations are discussed first because they appear to 
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have well defined solvation shells. 
on a "reference" solvent molecule in its average state of 


hydrogen bonding, as shown on the left hand side of equation 
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where n is the primary solvation number and h is the number 
of moles of hydrogen bonds per mole of pure solvent. 

The NMR shift resulting from the direct ion-molecule 
interaction (i) was designated Se In Chapter 3, it was 


shown that Age the 1:1 cation complex shift measured in 
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acetonitrile, represents the direct effect of the ion on the 
substrate in the absence of solvent effects. If the mole- 
cules in the cation's solvation shell do not affect each 
other's shielding, Oi should be adequately measured as the 
is 1 complex shift Aa: 

Equation (6.1) suggests that, if there are hk moles of 
hydrogen bonds per mole of solvent, then h hydrogen bonds 
will be broken per molecule removed from the bulk solvent 
into the cation's solvation shell. The average NMR shift 


resulting from this process (ii) was designated A 1 oS) 


h° 
eExVUected CO,DG7OL. the, OLrden Ole the sALiquidmeloagaseshirtceror 
the pure solvent. 

The effects of structural solvation (iii) may be inter- 
preted in terms of the proportion of hydrogen bonds in the 
residual solvent of the electrolyte solution. Structure- 
making and structure breaking may mean more and fewer hydro- 
gen bonds, and lead to decreased and increased shielding 
respectively. Consequently, structural solvation may modify 


the value of A the hydrogen bond shift, which is expected 


al 
to be of the order of the liquid to gas shift in the absence 
of structural solvation. Thus, the experimental value of AL 
is expected to characterise structural solvation by the 
extent of its deviation from the liquid to gas shift. 

If a solvent, of b = 1000/M mole kg. 7, contains 


cations of molality m mole a and solvation number 7, 


its concentration average shielding o will thus be 
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z 2 (nm/b) (A, + AL) (6.2) 


where ss is the shielding in the pure solvent. Using 
equations (1.8) and (6.3), the molal shift is predicted to 


be 


(iNet (n/b) (A, + A 


a ) (6.3) 


h 


In the absence of secondary effects A as well as b, 


h! 
should be characteristic of the solvent alone. 4. and n 

ere characteristic Ol tChesion in thatessoivent..| The solva— 
tion number ” appearing here is the time-average statistical 
excess of nearest-neighbour molecules which are polarised 

in the same average orientation as that of the 1:1 complex 
ineacetonithiie. | ba thesson'’s field is sufficient. to com-— 
pletely orient the inner shell, then nm should be determined 
primarily by close-packing requirements. For ions with 

igis(ovlsk feye ts¥eleinns, Jf A in methanol and water, the number of 
nearest neighbour solvent molecules is of the order of six. 
An incompletely oriented inner shell would shown an effective 


solvation number ” somewhat less than the number of nearest- 


neighbour molecules. 


(SE Solvation of Small Cations’ in Water. 

Davies et Bibs have reported scales of individual 
ion molal shifts for water at three temperatures, and they 
have presented evidence that their values are good estimates 


of the absolute values of the shifts. In Chapter 3 of this 
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thesis, the 1:1 complex shifts A. of the water complexes 
of six cations were derived (see table 3.3). If it is 
assumed that the solvation numbers of these cations in 
water are equal, then equation (6.3) becomes linear in a 


and Awe with intercept A, and slope n/b. Figure 6.1 shows 


h 


that the complex shifts A and molal shifts An are linearly 
related. A least-squares fit to equation (6.3) yields an 


average solvation mumber n= (5.1 + soe2 pang A= 133d 4p 41 


h 


in water atee5°s) The standard deviation of fit 1s°0:007 ppm 
aes mole +. The average hydration number is reasonably 


close to the value of 6, commonly observed for these ions. 


2077-02 The model represented by equation (6.3) fits the 


observed data to well within the probable error of the 
measured values. The standard deviation is comparable to 


that observed in similar correlations, for example, that 


with ionic ra isa OY Note that the molal shifts change 


sign at a point where A is comparable in magnitude to An: 


The model suggests that the temperature dependence of 


the molal shifts arises primarily in A}. If the cation 


Sshiocs 2 in water at 0°, 25° and 40° are analysed according 
to equation (6.3), there is no significant temperature 


dependence of the average solvation number. A, changes 


h 


monotonously with temperature, thus: 1.60 + .32 at 0°, 1.38 + 


Pinca mel 3 Coen ard Cea a CmUecg Cd scm Lar AL with 


temperature is expected, if AL is related to the proportion 


. : en. aie 
of hydrogen bonding in the liquid. 
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The  liquidsto gas) shift form water at 25° "as aboub 
+5 ppm. 2° The value of An = +1.38 ppm is significantly 
less than the liquid to gas shift, suggesting that the 
residual solvent in solutions of these ions contains more 
hydrogen bonds per mole than does pure water at the same 
temperature. Thus the small value of AL for carions; coulda 
be interpreted as evidence that these ions are structure- 
making outside the primary solvation shell, if there is a 


direct relationship between the proportion of hydrogen bond- 


ing and structure. 


6.3 Solvation of Small Cations in Methanol. 


Butler and Symons ay have proposed a scale of absolute 
ionic molal shifts in methanol at -69°. The 1:1 complex 
shifts of the methanol complexes of six cations are given 
in table 3.3. If the solvation numbers of these cations in 
methanol are assumed to be equal, then equation (6.3) may 


be analysed to yield values of 7” and A Figure 6.2 shows 


h° 
that An and An are linearly related. A least-squares fit 
to equation (6.3) yields average solvation number n = 6.9 + 
NO) gh yie! AL =) 1.5 ppm. Che standard deviation of fit is v0.4 
ppm kg. teu aia 

The Liquid to gas shift for methanol at, —-69" 16 also 
about +5 ppm, and the small value of AL may again be inter- 


preted in terms of structure-making by these ions in methanol 


at —-69°. This contradicts the findings of Krishnan and 
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Friedman. They have proposed, on the basis of the entropy 


of solvation of potassium chloride at 25°, that structural 
solvation is a unique property of water. Note that the 
entropies of solvation of ions in methanol at -69° would be 
extremely useful values to have, but they have not yet been 
measured. 

It is apparent that when both solvents are at 25° above 
their freezing points, all measured characteristics of the 
solvation process are approximately equal. It is for this 
reason that the observed molal shifts for these solvents are 
in the ratio of the solvent molecular weights, a fact which 
- appears to have been overlooked until now. 

Ai -oO9°,.at) Intanice GLLUtTOnN in Methanol, the onyvanoxy. 
proton in the solvation shell of Mg(II) appears at -1.69 ppm 
(see TYPE II spectra, Chapter 5) relative to that in pure 
methanol. From this value, Butler and Symons 29 calculated 
the Mg(II) molal shift using the relationship 


An = n/b(h.) (6.4) 


Their value of i = -0.30 ppm was calculated using their 
determination of the magnesium solvation number: 5.5 + 0.5. 
Several recent determinations indicate that the solvation 
number is 6, in which case the molal shift is recalculated 
to be An = -0.324 ppm kg. mol eae This is the value used 
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It is important to notice that equation (6.4) is not 
in accordance with the solvation model represented by 
equation (6.1), and yet there is considerable evidence Be 08 
that the molal shift of Mg(II) calculated from equation 
(6.4) is the correct value. The fact that the point for 
Mg(II) in figure 6.2 falls on the same straight line as the 
points for the other ions also indicates that the Mg(II) 
molal shift is correct. The solvation shell shift A, has, 
according to the model, two components: the polarisation 
shift ps (measured as A.) and Ne the shift in the solvation 
shell resonance due to the breaking of the hydrogen bond to 
the oxygen atom of the molecule entering the ion's solvation 


shell. 


Be Ae FAO (ore) 


O 


The AL included in equation (6.3) contains Ave and an 
additional contribution ar 
SINS P 
AL AL + Ay (6.6) 
AP is the shift due to breaking the hydrogen bond to the 


hydroxyl proton of a molecule displaced by the cation on 
formation of the primary solvation shell (the "displaced" 
molecules are those appearing on the extreme right of 
equation (6.1)). 


A value of Ay = +1.30 ppm was deduced by substituting 
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the experimental value of A, = -1.69 ppm and A, = -2.99 ppm 
into equation (6.5). It appears that the values of AL = +1. 5 
ppm and Ae = +1.3 ppm are very similar, and they can be 


regarded as being indistinguishable within experimental 
error. The implications of this observation are quite pro- 
found. 

It was mentioned above that the value of Ay is expected 
teebenofotherondercofetherndiquid to gas.shift, ca_5 ppm for 
methanol at ay From this value, and the value of a, = 
+1.3 ppm, equation (6.6) predicts Ae Porte ON seed Thies eb ea 
tively huge shift of almost 4 ppm apparently does not contri- 
bute to the values of the molal shifts of the ions studied, 
because the value of Ay derived from the molal shifts is 
1.5 ppm rather than 5 ppm. The simplest way to reconcile the 
discrepancy of ca 3.7 ppm is to postulate that the "displaced" 
molecules become hydrogen bonded back into the residual bulk 
solvent in such a way that the net shielding of the residual 
solvent remains close to that of pure meehanole Lies 
necessary to explore the consequences of this "self-healing" 
of the solvent structure before the shift discrepancy is 


accounted for. 


The change of state occurring in the postulated self- 


* 
This value of the liquid to gas shift was estimated by sub- 


tracting the shielding of monomeric methanol in cyclohexane 


103 at +25° from that of bulk methanol ie at -69°. 
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healing process is 


ROOGHe » R-O-H_----- O-H, ----- (657) 


where the broken lines represent hydrogen bonds to other 
molecules, as before. The shift in the protons (H,) of 

the "displaced" molecules in the self-healing process 

should be 2 ='-3-7 ppm. The shift in the protons (Hy) 

of the other molecules involved in this process should 

be =i =e eS eDpM- It is conceivable that the self- 
healing is not complete and that the net shift of the 
residual solvent in the process represented by equation (6.7) 
is fortuitously ca -3.7 ppm, to cancel the discrepancy of ca 
cod | ppm. For this to occur, approximately 85% self-healing 
is required. It should be noted that the above arguments 
neglect changes in the shieldings of monecuies further down 
a hydrogen-bonded chain of solvent molecules. Such changes 
should be of the order of the experimental error and they 
are assumed to be insignificant. 

The postulated self-healing of the solvent structure would 
result in the residual solvent of the electrolyte solution 
containing more hydrogen bonds per mole than in the pure sol- 
vent. Thus, the residual solvent would be more highly 
structured than the pure solvent and the cations may be re- 
garded as structure-makers, even though they do not contri- 


bute to the self-healing process directly. This is a novel 


way of visualising structure-making, since previous descrip- 
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tions SEE 


of the phenomenon have located the structure 
enhancement in a narrow sphere just outside the primary 
solvation shell of the cation, implying that the solvated 
cation directly affects the structure of the solvent in 
this region. All of these arguments are quite speculative 
Since there is no way of unambiguously distinguishing 
between the two pictures of the structure-enhanced solvent. 
The experiments are incapable of giving a picture of what 
the solvent must be like; they suggest only what the sol- 
vent mtght be like. 

The correlation of the molal and complex shifts for 
water and methanol by least-squares fit to equation (6.3) 
assumes that the solvation number n is constant for all 
ions. An alternative procedure would be to adopt commonly 


207202 for the ions and use equa- 


accepted solvation numbers 
tron (6.3), #ehe I: i fcomplex snitt Awe and the value of and 
An deduced from the TYPE II magnesium(II) solvation experi- 
ment, to calculate the molal shift for each ion. The com- 
puted values of the molal shifts for methanol are listed in 
table 6.1, along with the quantities used in the calculations. 
The molal shifts deduced from the least-squares values of n 
and AL are also listed for comparison. It appears that the 
molal shifts derived using commonly accepted solvation 
numbers are well represented by equation (6.3), to within 


the probable error of the measured values. Note that a 


solvation number of 4 for sodium and lithium does not improve 
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TABLE 6.1 


Prediction of Cation Molal Shifts in Methanol at -69° 


Ion AG n Aa’ PPm. kg. mOLeng 
obs calc a calc ‘ 
ppm ; : ; 
ote fe. 
Na aOL78 4 pach he) +0.07 = 
=O 78 6 m9 pa ty TOTO +0.17 
rye wi Ps7 4 ise -0.04 Ties 
Oits7 4 Obs =—)0s = 
Ba” =1.45 6 Por03) aor 0s +0.02 
a 
Sr't SPS: 6 Ons wOrOT (eo 
ca’? -2.09 4 iipaullcbs iy Cais =i) le 
Mg’ 29'%99 6 -0.32° Lila oleh i 


? Calculated using 4 1.30 ppm, and ” shown in column 3. 

P Calculated using least squares values: AL = 1.54 ppm, 
Ai 6u9.. 

- Ref. 60 

d 


Calculated from our molal shift of Ba(C10,)., using per- 
chiorate; molalwshiftt -0\.19b25x(Refi69)s. 

Hs tamatedst comurio-tlliwot Re fretrosy 

Recalculated from data of Ref. 59 using a solvation number 
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the agreement with observation. A solvation number of about 
6 for alle of these ions is consistent with the data, but it 
should be realised that the results are insensitive to nm when 


the molal shifts are close to zero. 


6.4 Solvation of Large Monovalent Cations. 

The molal shifts of the six small cations in water and 
methanol may be interpreted in terms of a primary solvation 
shell of about 6 completely oriented molecules. This is not 
surprising since these ions, which have high surface potent- 
Lalo peShoulaybersSerong ly esOlvated, saline tact, 1c 1s) tor cums 
reason that their 1:1 complex shifts could be determined. 

Only the perchlorate salts of small or multivalent cations are 
4! RbC10, and Csclo, are insol- 


uble, and their cation complex shifts are not accessible to 


soluble in acetonitrile; KC10 


direct measurement. 

Since cation complex shifts may be Ba erarel calculated | 
by the Buckingham-Musher electrostatic model, it is of 
interest to use the ionic radii to predict the complex shifts 
by equation (4.8), use equation (6.3) to predict molal shifts, 
and compare the results with experimental values. This has 
been done for four cations in methanol at -69° and water at 
25°, using the least-squares values of 7 and AL derived 
above. The predicted and observed values are given in table 
Gis as 


The molal shifts of zinc and potassium are well repre- 
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TABLE 6.2 


Prediction of Cation Complex Shifts and Molal Shitts 


: = 
Ion Radius Complex Molal shifts, ppm. kg. mole 


e Shift Methanol, -69° Water, +25° 
# PES calc. obs.* calc. rs 
+ 
one 0 BOGS ~0.24 eee” We ANE = 
Sa 
K ieee EOneA +0.20 +Oh be m0. 068 +0.050 
a 
Rb 1.48 =e, +0.22 “guage © Seale +0.037 
en Las -0.50 $0.23 +0.14 +0.081 +0.025 
a 
Ref. 60. 
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sented, considering that the predicted values arise from the 
application of two semi-empirical models involving only the 
ionic radius. On the other hand, the trend to less positive 
molal shifts with increasing radius in the series K, RB, 
Cs* (a reversal of the normal sequence) is not predicted by 
the model. The model unambiguously predicts an increasingly 
positive An as [Al decreases in the order K > Rod e Cs’. 
All determinations of molal shifts clearly show an inversion 
of the normal sequence, beginning at KT or Rb’. 

Other properties, such as entropy, also show anomalies 
in the case of large éatdonets These have been explained 
in terms of exceptionally great structure breaking in the 
secondary solvation region beyond the primary solvation shell. 
It appears that this explanation is inadequate to account for 
the molal shifts. If the very large cations, Rb and cs", 
differed from the smaller ones only by the presence of ex- 
ceptionally great structure breaking, one would expect a 


positive contribution to A reflecting decreased hydrogen 


h’ 
bonding in the bulk solvent. This would produce an anomal- 
ously large positive molal shift, rather than the observed 
anomalously small one. 


As an explanation of the anomalously small molal shifts 


for the large cations, a phenomenon is proposed which has 


been discussed by Hindman 20 and Butler and Symons Sp. and 


was first suggested by Bernal and Rowlerds* If the ion- 


molecule interaction energy exceeds a certain value, of the 
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order of the solvent intermolecular energy, then solvation 
shell molecules will be completely oriented during their 
residence time, as shown in figure 6.3a. The solvation 
number will be the number of nearest-neighbour molecules, 
and An will have the value appropriate to the minimum energy 
complex. These assumptions are implicit in the model and 
appear to be valid for small cations. 

Bernal and Fowler suggested that when the ion-molecule 
interaction energy falls below a critical value, which they 
estimated to occur at ionic radius ca 1.5 A (that Of nubic2um)y, 
the ion cannot maintain order in its primary solvation shell. 
This situation is illustrated in figure 6.3b. The nearest- 
neighbour molecules differ from those in the bulk solvent by 
a statistical bias in favour of the oriented arrangement, 
oxygen towards the ion. The onset of a disordered primary 
solvation shell will be manifest in all of the parameters of 
equation (6.3), but it is most simply envisioned in terms of 
a decrease in the effective solvation number, n. This will 
result in a decrease in the magnitude of the molal shift, 
as the primary solvation shell becomes less ordered, in the 
series ee > se > Cs’, as observed. 


Using the least-squares values of A the observed molal 


h’ 

shifts and the calculated complex shifts, equation (6.3) can 
: + 

be solved to yield the effective solvation numbers of K , 


bu and Gs iieMmethanOle mows, 5. / andes. 4, and anh water is. oy 


2.6 and 1.6, respectively. These values clearly show the 
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onset of the disordered solvation shell for the large cations. 


5.9, seOlVvation Of Anions’. 

The molal shifts of the halide ions in methanol, and the 
corresponding 1:1 complex shifts measured in carbon tetra- 
chloride solution, are available from the literature. °07 74 
A formal analysis of these values according to equation (6.3) 
yields effective solvation numbers of ca 2 and AL Of sea 6 
ppm. The small solvation number suggests a disordered prim- 
ary solvation shell for the large halide ions, as found for 


theslarge catvons..) in addition, the value sor 4 which is 


ha 
larger than the liquid to gas shift for methanol, is consist- 
ent with the known structure-breaking properties of the halide 
ie Since bulky neutral molecules also exhibit the 
structure-breaking effect, it has been suggested ae that 
structure-breaking by anions is due to the inability of such 
aebulky s(sOlvated))a40n -toeiit into: they nounal solvent sc truc= 
ture, and that the structure-broken region lies immediately 
outside the primary solvation sphere of the Agdenig tno 
This argument appears to be reasonable and no evidence to the 
contrary is presented here. However, if the new description 
of structure-making is accepted, it is shown that structure- 
making by cations and structure-breaking by anions may be 
caused by two quite different phenomena and that the effects 


May,occurein Gitterent regions Of sthe (solvent, relative co 


the ions. 
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G56 Solvation in Ethanol. 

All of the data required for the correlation of the 
TYPE I, II and III experiments for ethanol are not yet avail- 
able. The TYPE II and III results were obtained in the 
present work and can be found in Chapters 3 and 5. Franconi 
and Conti mk have reported "molal shifts" for a few alkali 
halide salts in this solvent but they were based on a single 
NMR measurement at high salt concentration and they are con- 
sequently incompatible with the currently accepted definition 
of the molal shift (see equation (1.8)). 

The infinite dilution solvation shell shift A. for 
Mg(II) in ethanol at -70° is -1.06 ppm, and the 1:1 complex 
shift measured in acetonitrile is -2.75 ppm. Equation (6.4) 
may be used to calculate a molal shift for this ion in 
ethanol and the deduced value is -0.293 ppm kg. mole + 
This value is subject to the same reservations (described in 
section 6.3 above) as the corresponding molal shift for 
Mg(II) in methanol. It must be regarded as suspect until it 
can be correlated with the molal shifts for several other 
ions, which are not presently available. 

The values of A. and A for Mg(II) with ethanol can 
be used to deduce the value of A, fon tins ssolwentbamccerdi ng 
toréeequateion &=06. 5)? A, = +1.69 ppm, somewhat larger than the 
value found for methanol. 

The results presented in this section must be regarded 


as groundwork for a more complete study which may be achieved 


when a range of molal shifts is available for this solvent. 
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CHAPTER 7 


CARBON-13 SOLVATION SPECTRA 


Previous application of carbon-13 NMR spectroscopy to 
the study of ion solvation has been limited to the single 
report of Boubel et al. ee of a TYPE Il spectrum of a solu-— 
tion of anhydrous aluminum chloride in dimethylsulphoxide - 
heavy water mixture (DMSO-D.,0) shee S105 Wiehe: aoc NMR signal 
due to DMSO molecules coordinated to the cation appears at 
1.94 ppm to high field of the solvent DMSO signal. This 
observation is interesting because all hydroxyl proton reson- 
ances of coordinated molecules appear to low field of the bulk 
solvents rite. 

The object of the present study is to investigate the 
more general applicability of the ye method to solvation 
chemistry through the study of spectra of solutions of electro- 


lytes in single solvents, which serve better as models for 


quantitative treatment. 


Trae iYvPEeiieoOlv atl Ons opeCtra 
The proton NMR spectra of solutions of highly polarising 
cations in alcohols and other polar solvents have been used to 


investigate the free and bound solvent exchange ineticen sn 


OSG Ae It is generally recognised that the coalescence 
of the bulk and bound hydroxyl proton resonances with rising 


temperature may be controlled by two kinetic processes: 


LS. 
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exchange of the whole solvent molecule and exchange of the 
hydroxyl proton. °° The observation of splitting of the 
hydroxyl proton signal due to coupling with alkyl protons, 

and the observation of separate resonances for the alkyl group 
protons in the solvation shell, is usually taken as evidence 
that the whole molecule exchange controls the line broadening 
and coalescence awenianieeen ° In cases where neither of these 
observations were made, the dominance of whole molecule ex- 
Change has been assumed. >’ It must be recognised that the 
ratevconstants reported in such studies may..contain».a contri- 
bution from or be due entirely to the exchange of the hydroxyl 
pEGEON. 

In principle, the line broadening and coalescence phen- 
omena in carbon-13 spectra may be used to obtain definitive 
whole molecule exchange rate constants since they are unaffect- 
ed by the exchange of the hydroxyl proton. However, there are 
several factors which complicate the measurement of exchange 
processes using carbon-13 spectroscopy and they are discussed 
fully in Appendix A. It may also be possible to study, by the 
carbon-13 method, the solvation of cations in organic solvents 
such as ketones, ethers and nitriles, whose proton resonances 
are shifted only slightly and do not yield separate solvation 
shell signals. The carbon-13 data is potentially of great 
value to the theory of Kric shieldings, which is generally less 
well understood than that of the proton opeddd nace wee 


The present work should be regarded as a preliminary 
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investigation with these ultimate goals in mind. The carbon- 
13 NMR spectra of solutions of Mg(C10,), in methanol and 


ethanol, AlCl, in ethanol and n-propanol, and A1(C10,), and 


3 
Gacl, in ethanol were recorded over a wide range of tempera- 
tures. In some cases, separate solvation shell and bulk sol- 


vent resonances were observed. 


1 
Taha 30 Spectra of Ethanolic Mg(C10,), SOlLIpions. 


The Fourier transform carbon-13 NMR spectra of solutions 
of magnesium perchlorate in ethanol were recorded over the 
temperature range -90° to +30°, both with and without ae aeor 
decoupling, using natural abundance samples. The methyl and 
methylene carbon resonances of pure ethanol are separated by 
ca 40 ppm. The fully proton decoupled spectrum of ethanolic 
Magnesium perchlorate below -50° contains two additional 
small signals, one at about 1.5 ppm to low field of the methyl- 
ene and one 0.8 ppm tohigh fieldof the methyl, as shown in 
figure 7.la. At higher temperatures these signals broaden 
and coalesce with the bulk solvent signals. Assignment of 
the small signals to the methylene and methyl carbons of 
molecules in the cation solvation shell was confirmed by the 
observation of the appropriate proton splittings in the 
absence of decoupling, as illustrated by the spectrum in 
figure 7.1b. The coupling constants were unchanged in the 
solvation shell compared with the bulk solvent, to within 


the limits of experimental accuracy (ca 2%). 
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(a) Proton-decoupled spectrum; (b) Proton 


coupled spectrum. 
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The temperature dependence of the bulk and bound sol- 
vent chemical shift separations is shown in figure 7.2, and 
that of the bulk solvent line width in figure 7.3. The 
shifts are independent of temperature, within experimental 
error, up to the coalescence temperature of about 45°. Thus 
the low-temperature shifts represent the exchange-independent 
values. 

No attempt was made to study the concentration depend- 
ence of the shieldings and the chemical shifts in the region 
of slow exchange are taken to approximate Ase the solvation 
Shell shift, for each nucleus., This assumes that Ou: the 
residual solvent shieldings are about the same as Op! the 
pure solvent shieldings. This assumption is reasonable be- 
cause the separation of the bulk solvent signals in the 
solution is only slightly different from that in the pure 
solvent. Since the residual shift is attributed to inter- 
action between the hydroxyl proton in the bulk solvent with 
perchlorate ion, and to disruption of hydrogen bonding at the 
hydroxyl proton (a site remote from the carbon atoms consid- 
ered), this observation might be expected. The values of A. 
obtained here for both carbons are used in section 7.2. The 
bulk-bound solvent relative signal intensities gave a 
Solvation mumber Of 5.5 tl, (1.e.—about 6) ~consistentiwitn 


the proton rect nae 


The lowest temperature mile spectra of this system demon- 


strated an unusual feature which turned out to be character- 
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PSeLCuOrea ll sor pretest solutions studied. As the tempera- 
ture of the solution was lowered, the signal due to the car- 
bon atom directly bonded to the oxygen became selectively 
broadened to the extent that it disappeared into the baseline 
noise whilst the other solvation shell signals remained 
relatively sharp. A tentative explanation of this phenomenon 


is given in section 7.4. 


L 
PAM es 36 and a spectra of Al (III) Solvation Shells. 


Bowe tas reported the 1 NMR spectra of 


Grasdalen 
solutions of aluminum chloride in ethanol and n-propanol at 
several temperatures and concentrations. He discovered that 
these solutions show at least three hydroxyl proton solvation 
shell signals at low temperatures. Some of his hydroxyl 
proton spectra for ethanol coordinated to A1(III) are shown 
in figure 7.4. He assigned peak A, which persists to highest 
temperature, to a normal single ion solvation shell. From 
the temperature and concentration dependence of peaks B and 
C, he suggested that they may be due to polymeric species 
involving hydrogen bonds between the solvation shells of two 
or more ditferent cations, ‘as 1llustrated’ for the’dimer in 
ELQULGs ia. 

The natural abundance carbon-13 spectra were recorded 
for solutions.or Alcl. in ethanol and n-propanol at several 


temperatures. For ethanolic AlCl, solutions, the solvation 


shell signals appeared to low field of the methylene and to 
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FIGURE 7.4. The effect of temperature on the 
hydroxyl proton signals of ethanol coordinated 


to AlCl). »Taken from reference 108. 
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high field of the methyl resonances of the bulk solvent. One 
to three solvation shell methylene signals were observed, 
consistent with the proton results, but only two methyl sig- 
nals appeared at the lower temperatures, as shown in figure 
7.6. It is likely that the third methyl signal, which cor- 
responds to the lowest intensity methylene signal (peak C), 


was masked by the larger CH, peaks. The intensities and 


& 
temperature variation of the carbon-13 signals resemble those 
of the proton signals so closely that is is reasonable to 

make a corresponding assignment of the peaks in the methylene 
carbon spectrum. Thus, peak A is assigned to the monomer 
solvation shell and peaks B and C to as yet unidentified poly- 
meric species. Integration of the intensities of all solvation 
shell signals gave a solvation number of 3.6 + 1, consistent 
with the value of about 4 obtained by Grasdalen from the 
proton spectra. 

Solutions of Alcl, in n-propanol show separate solvation 
shell resonances for all three carbon atoms. The carbon 
bonded to oxygen is deshielded and the other two are shielded 
relative to the bulk solvent signals. In contrast to the 


proton results of Grasdalen 1p? 


Pend MULEIPMICity Ofvthe 
solvation shell signals was observed at low temperatures. 
However, the solvation shell signals were so broad at tem- 
peratures where multiplicity was expected that the splitting 


May have been masked. The methylene carbon bonded to oxygen 


was selectively broadened and its shielding in the absence 
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of exchange could not be measured. From the higher tempera- 
ture, partially coalesced spectra, it is known to be more 
than 3 ppm downfield. 

The interpretation of spectra of solutions containing 
two relatively highly polarising ions “(an this case All(Ill1) and 
Giie)aie always subject to satisfactory separation of the 
cation and anion effects. It is known that chloride ion 
associates strongly with the hydroxyl protons of alcohols in 
carbon tetrachloride solutions, “+ and Cl has substantial 


PONY Thais! beads 


molal shifts in bulk hydroylic solvents. 
one to suspect that the chloride ion might have something 
to do with the peculiarities of the aluminum solvation shell. 
This possibility was investigated by replacing the 
chloride ion with perchlorate, an ion which is known to 
associate only weakly with alcohols. Solutions of aluminum 
chloride in ethanol were treated with ethanolic silver per- 
chlorate and the precipitated silver chloride was removed 
with the centrifuge. The experiment was performed in such a 
way that the Al(III) concentration remained the same (0.62 m) 
ire iesOLULLONS »DUuUtcethearatlo or Cl to c10,— varied 
between 3:0 and 0:3. The carbon-13 NMR spectra of these 
solutzons are: shown inwtigure /./.. Thetchemicall shiftts/are 
Giveneinetablemsy. 1. Tnheresissno question, that themmulcup is 
city of the solvation shell spectra is associated with the 


chloride ion, since only peak A remains (though somewhat 


shifted) for the aluminum perchlorate solution. This sup- 
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FIGURE 7.7 22.63 MHZ NMR spectra of the solvation shell 
carbon-13 nuclei of ethanolic solutions of AlCl, as 


the chloride ion is replaced by perchlorate, at -30°. 
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TABLED 7.1 
‘3c solvation Shell Shifts* for Ethanolic AlCl, 
Titrated with AgClo, 
| 13 13 
System Methylene (8) Gc Methyl (y) 
e A B C A B 

Lo 24m AlCl. in a ane Ar Ose Peto " +2 sells Hi 
ethanol at -50° 
1/3 titrated with -4.4 apy AS 
AgC1lo, 
2/3) CLeratea with 35) 410) ae 
AgClo, 
Fully titrated with 
AgClo, =) 6, O SPAS 

Uncertainty of measurement is + 0.05 ppm. 
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ports Grasdalen's conclusion that peak A may represent a 
normal solvation shell. 

The titration of chloride ion with silver perchlorate was 
also followed by proton NMR, and the solvation shell spectra 
at -—30° are shown in figure 7.8 and the shifts are listed in 
table 7.2. The use of less concentrated, and hence less 
viscous, Solutions and the use of a 100 MHz spectrometer gives 
better resolved spectra than those obtained by Grasdalen. 
These spectra confirm that peak A is not influenced by the 
anion. The changes in B and C are linearly dependent on the 
anion ratio. Whatever the structure of the solvation shells 
giving these signals may be, they certainly involve the 
chloride ion. Even perchlorate yields some complexity: the 
broad signal remaining to highfield of peak A in the spectrum 
of the aluminum perchlorate solution at -30° sharpens to give 
a distinct signal at lower temperatures. 

The information presently available does not allow def- 
inite identification of the extra solvated species. It is 
possible that direct-contact ion-pairs such as ie and 
AlcIye may exist in the solution but there is evidence to 


: 7 aR 
suggest that they do not. Haraguchi and Fujiwara ; have 


HN NMR spectra of solutions of Al(III) salts 


studied the 
and complexes in water and the alcohols. The concluded that 
Al(III) is octahedrally solvated (m = 6) in water, ethanol 


and n-propanol on the basis of the narrow line width (which 


is determined largely by quadrupole interactions) and chemi- 
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FIGURE 7.8 100 MHz NMR spectra of the solvation shell 
Dy CGOxy epLOLONMO ise chanol 1G eSOLULLONSHOL A1Cl., as 


the chloride ion is replaced by perchlorate, at -30°. 
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TABLE r/a2 


* 
HVCEOXVISPLOton, shints sLOreetnanoOlic ALCL 


3 
Titrated with AgClo, 
* a Solvation Shell . Bulk 
eae 1/{clo, ] Solvent 
A B C 
3/0 alt 8 yf) = O12 5.76 og AAAS) 
pay pk SAS yc oy | -6.20 -5.84 =-2.22 
72 =O o -6.16 Stree 8) -2.46 
0/3 -6.54 - ca -6 -2.46 


* 
In ppm, relative to the bulk solvent CH, resonance. 
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cal shift measurements. The narrow lines indicate an ab- 
SencesOf iOnepaanindawithecl por GLO4, in these solvents. 
Note the difference in solvation numbers obtained from the 
MN spectra (mn = 6) and those from the ty and re spectra 

(n = 4). The aluminum-27 results may not be conclusive. It 
is possible that the presence of very broad lines due to 
contact ion pairs may have been overlooked and that the 
narrow line observed may correspond only to normally solvated 
(n = 6) A1({III). This point could be settled by following 


the tntenstty of the a 


Al resonance through a titration with 
Silver perchlorate. 
There remains the possibility of solvent-separated ion- 


pairs or ion-clusters involving such interactions as 


There appears to be no way of unambiguously distinguishing 
between the large number of possible structures on the basis 
of the avilable information. It is possible that further 
Zintt and act NMR studies could throw light on the structures 


of the various solvating species in alcoholic aluminum chlor- 


ide solutions. 
Tote. TYPE LII.Carbon-13 Solvation Spectra 


In chapter 3 of this work, it was shown that magnesium- 
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acetonitrile solution atordinary temperatures. The substrate 
is completely complexed when the salt/substrate ratio becomes 
Greater—than-about—4:1.—-Thus-1t shoultd~be=possible~to ob- 
serve the carbon-13 complex shielding directly by choosing 
Suitable concentrations. 

It was not at first possible to observe the carbon-13 
NMR spectrum of ethanol at about 1/10 molar in acetonitrile. 
By monitoring the dilution of ethanol with acetonitrile over 
a wide concentration range and the use of extensive averaging 
(8000-24000 pulses), it was possible to pick out the ethanol 
Signals from the baseline noise at concentrations as low as 
0.2 M and to observe the shifts upon addition of Mg(C10,).- 
The limiting shifts found in this way are A, (CH,) = -2.01 
and A (CH) = treo Opis 

These values are somewhat larger than the solvation 
shell shifts found in the previous section for Mg(II) in 
ethanol. The solvation model applied in Chapter 6 to the 
hydroxyl proton resonance may be used here to illustrate that 
the same general considerations describe the carbon-13 
shifts. If the hydrogen bond shift is estimated by use of 
equation (6.5), the deduced values are AGH Ay = +0.5 and 
PaCcHey = -0.6 ppm. The uncertainty in measurement of the 
Siietdings 1s about 0..055ppm (lH) The: values, or AL are 
not especially useful to solvation chemistry at the present 
time because the carbon-13 gas _to.liquid.shifts are, not 


known. However, they are extremely significant in the dis- 
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cussion of carbon-13 shieldings in the next section. 


33 The ae NMR Shieldings in Coordinated Molecules. 


Table 7.3 lists all of the presently known carbon-13 
NMR shieldings in molecules coordinated to diamagnetic cat- 
ions, relative to the bulk solvent or free substrate shielding 
according to the system studied. It is immediately apparent 
that the carbon (Ca) closest to the site of attachment (the 
oxygen atom) is always deshielded and the next carbon down 
the chain ie) is always shielded. The single measurement 
on a molecule containing a third carbon (Cs) indicates that 
its nucleus is very slightly shielded. 

One may draw a comparison between the solvation shell 
shifts listed in table 7.3 and those observed in a straight 
chain alkane when a hydrogen atom on the end carbon is sub- 


oe It is necessary 


stituted by an electronegative group. 
to consider the oxygen atomto which the ion is attached in 
the same way as the substituted carbon in the alkane (the a 
carbon). For this reason, the carbon atom attached to the 
oxygen in the coordinated molecule is regarded as the £8 car- 
bon. 

In the substituted alkane, it is almost universally 
observed that the a carbon is deshielded, the 8 carbon is de- 
shielded but to a lesser extent, the y carbon is shielded and 


the 6 carbon exhibits a very small shielding or deawieiecine - 
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TABLE 7.3 


The Carbon-13 Shieldings, in ppm, of Coordinated Molecules 


Relative to those in the Bulk Solvent or Free Substrate. 


System Nucleus* 


oe ce C. 


Om 20 Mg(C10,) . in 


ethanol at -70° -1.54 +0.79 


Mg(C10,), + ethanol in 


acetonitrile at +30° Pome LV nee 

1.24m Alcl, in ethanol me ra Cc 
-4.6 2) 0 

at -50° -2.8 +1.7 

1.24m A1(C10,) , in 

ethanol -5.6 5 a ee 

LT Alcl, in n-propanol See +195 +02 OW 
Text 

at —30° 

Alcl, in DMSO/D.,0 at 

+302 +1.94¢ 


a. The carbon bonded to oxygen is designated Ce for reasons 
given in the text. 

Dap Comp lex. 

c. A third methyl signal was not observed. 


d. Taken from reference 82. 


LEAT A 


The anomalous shielding of the third carbon in alkanes and 
other molecules has become known as the "y-effect" and is 


NARs 


known to be transmitted through hetero atoms. Leis 


thought to be caused by a non-bonded interaction between the 
substituent and the hydrogens on the y barbone 7 * The 
effect appears to be manifest in the solvation shell shield- 
ings: the 8 carbon is deshielded and the y carbon is shielded. 
The solvation shell shift decreases in magnitude with 
distance from the perturbation and increases with ionic 
surface potential at both the 8 and y positions. The obser- 
vation that the 1:1 complex shifts A, are larger than the 
solvation shell shifts A, for both the g and y carbon atoms 
provides a further clue as to the origin of the y-effect. 
The difference between Aa and A. arises from the shift A, due 
to desolvation of the oxygen atom in the alcohols (See sec- 
tion 6.3). It seems highly probable that both the 8 and y 
carbon shifts arise from the direct interaction at the alco- 
hol oxygen atom. Hence, it appears that the y-effect in 
these systems arises from the perturbation at the oxygen 
atom and not through a non-bonded interaction between the y 
carbon protons and the ion, which would presumably result 
in deshielding of the carbon nucleus rather than the observed 
increased shielding. 
Any theoretical treatment of the y-effect will have to 


account for the appearance of the y-effect in carbon-13 


solvation spectra. In view of the alternative interpretation of 
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the y-effect offered above, conformational studies based upon 
the observation of a positive Y carbon shielding may be sub- 
ject to reconsideration. 

Tie: The Selective Broadening of the Cy Resonance. 

In section 7.1 it was mentioned that the resonance of 
the carbon atom (C,) directly bonded to the oxygen in all of 
the solvation shell molecules studied becomes selectively 
broadened at low temperatures. Figure 7.9 illustrates this 


phenomenon for the AIC1, in ethanol system. It is apparent 


3 


thatethe Cy (methylene) resonance disappears at low tempera- 


tures. A tentative explanation is now offered. 
The parameters which influence the intensity and line 
width of the FFT spectra are the longitudinal and transverse 


relaxation times Ty and T.- The spin-lattice relaxation time 


T, determines the degree of saturation and T, determines the 


unsaturated line width. Both Ty and T. are inversely pro- 


2 
portional to the correlation time ees the characteristic time 
; 3 -1 115 
of molecular tumbling motions, for re as Wo a The correl- 


ation time is directly proportional to the solution viscosity 
n and inversely proportional to the temperature. Thus, for 


a spherical molecule teats One radlusen, 


at pa 
iggy = at (7.1) 
8kT 


At lower temperatures, the viscosity of the solution increases 


and hence the relaxation rates decrease. 
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PLGURE 7 20 Selective broadening of the Ci 


resonance at low temperatures. 
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There are three processes which may contribute to the 
anomalous disappearance of the Ci resonance in alcoholic 


salt solutions. When T. becomes smaller, the natural line 


width 1/nT, increases. When T) becomes very short, the life- 
times of the spin states are short and a broadening occurs 
which can be explained by the Heisenberg uncertainty prin- 
Cae tee The nuclear Overhauser enhancement of the proton- 
decoupled mee Signals is controlled by the relaxation rates 
and it may be reduced, resulting in a loss of intensity. 
This latter mechanism could only account in part for the dis- 
appearance of the methylene carbon signal. It is not possible 
to determine the relative importance of the three contri- 
butions from the available data, but it is known that T, ws 
1s 


usually much longer than T, for C nuclei and the increased 


2 
natural line width is probably the dominant effect. The 
three contributions are combined in the correlation time ie 
for the Cy nucleus and an anomalously large increase in me 


for Cy relative to those of other nuclei in the molecule 
could be attributed to restricted motion of the methylene 
group in the crowded region close to the ion. 

This phenomenon may account for the failure to observe 
a separate carbon-13 solvation shell resonance for methanolic 
Magnesium perchlorate solutions, even though the separate 
hydroxyl proton resonance is readily observed. At temperatures 


below the coalescence point, the correlation time for the 


methanol carbon nucleus may be so long that its spectrum is 
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broadened to the extent that it is totally obscured by the 


baseline noise. 
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CHAPTER 8 
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Ser Cation Complexes in Acetonitrile. 


The association constants and hydroxyl proton complex 
shifts of 1:1 cation complexes of water and several alcohols 
were measured and they all show the dependence upon ionic 
charge and radius to be expected of an electrostatic inter- 
action. The shifts are negative, consistent with cation 
association in the neighbourhood of the oxygen lone pairs. 
Solvation of the substrate at the oxygen atom by acetonit- 
rile does not significantly alter the hydroxyl proton 
shielding and the desolvation shift accompanying the forma- 
tion of the complex is therefore negligible. Consequently, 
the complex shift is attributed entirely to the polarisation 
of the substrate by the cation in the 1:1 complex. 

The 1:1 cation complexes of 1,2-ethanediol and 2- 
methoxyethanol were shown to have a chelate structure in- 
volving the association of both oxygen atoms in the substrate 
with the cation. 

The complex shifts for the alkyl protons of diethyl- 
amine in its 1:1 complex with Mg(II) are much larger than 
those occurring in the complexes of the monodentate or bi- 
dentate oxygenic substrates. This may imply that the 
structure of the amine complex is different from that of the 


alcohol or diol complexes. It is possible that the amine 
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complex is formed with the cation at the nitrogen lone pair 
and that the oxygenic complexes are centrosymmetric with the 
cation between the oxygen lone pairs. 

The hydroxyl proton complex shifts for water, methanol 
and ethanol suggest a Buckingham-Musher A coefficient of 
about 1.6 ecules for the O-H bond, in contrast to the value 


Oh oets lye) asa 


found for hydrogen-bonded 1:1 complexes between 
the halide ions and alcohol substrates. The hydrogen-bonded 
interaction between the hydroxyl proton in methanol and the 
nitrogen lone pair in acetonitrile results in a hydroxyl 
proton shift whose value is consistent with the higher value 
of the A coefficient. It appears that one of the interactions, 
most probably the hydrogen bond, cannot be accounted for by 
the Buckingham-Musher electrostatic model. The value of 

A= 1.6 esu? may be representative of a purely electro- 
static interaction and the larger value of 5.5 esu_ may 


imply an additional effect due to a covalent contribution to 


the hydrogen bond. 


B52 The Solvation Model. 

The molal shifts An of cations in water at +25° and 
methanol at -69° appear to be related to the 1:1 complex 
shifts AG by a simple solvation model which takes explicit 
account of nearest-neighbour interactions only. The solva- 
tion shell shifts A, for magnesium(II) in methanol at -69° 


and ethanol at -70° are also correlated with the molal and 


aa — oe pal) 
con EVE 5, (CAT) cae em eric 
 afaq onol nopord ta i +6 nokia oA, vicninn ile iat 
oft diiw oirjemmyeorsas> 915 eoxotanos oinopyxo oft rT 4 bas 
-etisg enol nepyxo sit nsewied Dulcvent 
Lonsdjom \19t6w xot ettide xo mos nosotg Lyxorbyd off 
to tnoicittisos A tedeuM-asientaovd 6 seappoa fonsise bas 4 
oulev sdt od testtnoo ni ,baod H-O sat 107 ae 3.1 svods 


asewsed eexalqmoo I[:{ bebnod-asporabyd tot Savoet I pes 2.2130 
bobnod-neporbyd edT .esdstgedue Lodools bus enot ebilerd:eds 
odt bas Lonsdtem at notorq Lyxorbyd oft nebwied aoitosiasiad 
fyxo1byd s at etivest eslixtinotess at atsq enol aspoxsin 
sulsv tsfipid oft dtiw tnusteaianod ai sulsv saodw t2ide nosoxqg 
noisosietni odt Yo sno 4ted3¢ sxssqqs 31 .taetoitteom A ert) Fo 
yd tol bstnuooos sd tonnss ,baod neporbyd edd yidsdoug gaom 
to suisv adT .isbom viststeoxtos!s isdauM-msdpatisoud ent 


+ ap Mick mak 


-o1tosis yisimg 6 10 eviséinsessqex sd yam 
j- 
ysm uas 2.2 to sulsv 1rspisi sit Bas noivostesat oisaeste 
ot notsudittnes tasisvon 5 o+ sub jastis isnoisiibs as yigqmi 
.bnod nepoubyd eft 
‘ civiov 
.iobom noissviloé ent, ‘ £..8 
° e. ¥ - . 
bas °20+ +6 1936Ww ne emoisso to mo adtide {slom edt | : | 
xelqmon {:{ eft ot hedsfex ad ot seeqgs °08~ 26 Logsdtem 
Jtoilqxe eeXss doinw fobom moitevioe olgmbe p xd 4 eile 
“svioe sd? .ylno SuQ aes suoddeLensseagRen 20 Aes 
°@d- 35 Lonsbitom 
aeilton nt (ST Tam ESamene Ah ik SOM isiealle 
bas Lsfom edt dtiw Hatt cals 26 98> 38, Longdte - 


2 


ee oa ore 


144. 


complex shifts by this model. The implications of the model 
are best explained in terms of the parameters used. 

The direct ion-molecule interaction shift is assumed 
to be Awe the complex shift measured in acetonitrile. It is 
a quantity which characterises individual ions and it may 
be estimated with reasonable accuracy by an electrostatic 
model. It is, to within experimental error, independent of 
temperature, which is reasonable for an interaction of energy 
in excess 66 154kcaltsper .mol..of SO cea 

The solvation number, , determined by this correlation 
is to be regarded as a measure of the average number of 
oriented nearest-neighbour solvent molecules. For small 
and/or highly charged cations, this number is about 6, which 
is a reasonable value for the total number of nearest neigh- 
bours. These ions, therefore, have completely oriented 
solvation shells, consistent with their large negative 
contributions to the entropy of solution. Large monovalent 
cations and anions appear to have small effective solvation 
numbers. This suggests that they do not have fully oriented 
solvation shells but rather a slight statistical excess of 
nearest neighbours in the lower energy orientation. The 
absence ofa structured solvation shell is consistent with 
the anomalously high entropies of solutions containing these 
ions. 


The quantity A which evaluates the net disruption of 


ho 
the solvent per solvating molecule, is related to the amount 
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of hydrogen bonding in the residual bulk solvent of an 
electrolyte solution. It decreases with increasing tem- 
perature as expected. It is the only measured quantity that 
is sensitive to structural solvation and it is the first NMR 
shielding parameter of this kind to be reported. Since the 
nearest-neighbour-interaction model predicts that AL should 
be about 5 ppm for both cations and anions in water and 
methanol, the observed values of ca 1.5 ppm for cations and 
ca 6 ppm for anions indicate that the residual solvent in 
the solution contains more and fewer hydrogen bonds per mole, 
respectively, than in pure solvent. The observed values of 
An may be interpreted as representing structure-making by 
cations and structure-breaking by anions, if there is a 
direct relationship between the proportion of hydrogen bond- 
ing and structure. 

All measured characteristics of the solvation process 
are essentially equal in water at -25° and methanol at -69°, 
when each solvent is roughly 25° above its freezing point. 
As a consequence of this, the molal shifts of cations in 
water and methanol are observed to be in the ratio of the 


solvent molecular weights, an intriguing fact which appears 


to have been overlooked until now. 


Seas Carbon-13 Solvation Spectra. 


In spite of the sophistication of the Fourier transform 


method, natural abundance carbon-13 NMR is still a consider- 
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ably more time-consuming technique than continuous-wave 

proton NMR. Nevertheless, this inconvenience must be over- 
looked because carbon-13 NMR promises to be more useful in. 
the study of ionic solvation by organic solvents than con- 


ventional proton NMR. The TYPE II £3 


C spectra of solutions 
of highly polarising cations in alcohols have exhibited 
separate solvation shell resonances for carbon atoms as much 
as three bonds removed from the site of attachment of the 
ion. The inherently larger nc shifts allow the observation 
of the solvation shell molecules in cases where this would 


not be possible with 1h NMR. The use of very high field 


136 enriched 


spectrometers (greater than 60 kgauss) and 
samples would give even larger chemical shift separations 
and much improved sensitivity. 


The TYPE II and III carbon spectra of solutions of 


magnesium perchlorate in ethanol yield values of A. and a 


fe) 
h 


each carbon nucleus. The deduced hydrogen-bond shifts have 


which can be used to deduce the hydrogen-bond shift A, for 
the signs to be expected from a knowledge of the signs of 
the shifts a, and A. induced by the ion. This demonstrates 
that the general considerations of the solvation model used 
to interpret the proton shifts also apply to the carbon-13 
shifts of coordinated molecules. A knowledge of the gas to 
liquid carbon-13 shifts is required before the solvation 


spectra can be fully interpreted. 
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The carbon-13 shielding changes (relative to the bulk 
solvent) in all of the coordinated molecules studied are 
downfield at Ci and upfield at C.-: 


Y carbon shifts induced in an alkane by an electronegative 


They resemble the 8 and 


substituent at the y-carbon. The usual explanation of the 
upfield y-carbon shift in terms of a non-bonded interaction 
between the hydrogen atoms on the y-carbon and the substitu- 
entaappearse to be InsutlLicrent to’ account f©oOn the shrits in 
coordinated molecules. Any explanation of the y-effect must 
account for all observations. The appearance of the y- 
effect in the coordinated molecules raises some doubts of the 
validity of conformation studies of organic molecules which 


are based on the observation of the y-effect. 


Sa4 Aluminum(III) Solvation Shells. 

The ly and re TYPE II NMR spectra of solutions of 
Alcl, in ethanol and n-propanol exhibit signals which are 
attributed to the presence of at least three solvated 
species. The ly spectra were previously explained by postu- 
lating the presence of a normal cation solvation shell and 
additional polymeric species involving long-lived hydrogen 


bonds between the solvation shells of two or more Gitienseee: 


puke Comparison of the 1h and le spectra of ethanolic alum- 
inum chloride and ethanolic aluminum perchlorate solutions 


demonstrates quite unambiguously that the chloride ion is 


involved specifically in the extra solvating species. At 
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the present time, the most reasonable explanation of the 

spectra seems to be that of the presence of a normal sol- 

vation shell and additional species involving solvent-separ- 
Br 


ated ion-pairs or ion-clusters between Al~', Cl and solvent 


molecules. 


ores Suggestions for Future Work. 

It is possible that the data presented in this thesis 
could be applied in other areas of chemistry. In several 
instances, the techniques used here could be applied to 
Other systems of current interest. A number of observations 
were made which deserve further investigation, and the 


following is a list of suggestions for possible future work. 


(1) The ionic molal shifts from TYPE I spectra should 
be measured for ethanol and the higher alcohols. It would 
be interesting to compare the solvation properties of the 


higher alcohols with those of water and methanol. 


(iv) The TYPE IT** carpon-l3 "Spectra or solutions of 
Hionly polarising’ cations on Organic soOivents such ds” ethers’. 
ketones and nitriles should be investigated. It may be 
possible with the use of this technique to gain information 
about many organic reactions which are catalysed by aluminum 


chloride. 


(iii) The cation complexes of primary, secondary and 


tertiary amines should be studied by proton NMR. In con- 


etesds 2eidt ai Bbotnsestg sieb oft tad+ sidiesog at 3T. _ 
isisvee nI .yisetmedo to ese1s isto ai beiiqgs ed Biuoo 
ot bstigqgs sd Biuos Saat boeu esupindoss srt .eeonssent 
anoitsvieed> to isdmua A .deotesdni jasxxwo to amesaye s9fi0 
eit bus \nolispiteevni z9ntiwwi sviseasb doidw obsm s19W 


.Atow o1vtut sidiaaog sot enoidesppie to seti s et pniwollot 


bivonde sitosge I AGYT moxt etitde [siom vinot sot ({(£) 
‘ re 
bluow +I .elodools tepid oft bos fonsdte sot berwesem ed 
sit to esisisgo1q notisvioe sit sisqmoo oF paisestedal od 


.lonsdiitem Bbns 1tstsw to ssodt Agtw sinegian Seca 


re 
! 


—9 


to enortuloe to s5itoega tl-nodrso IL aa¥T oA? (22) 7. 


,\2tente e65 dove atasvioe oinspio ni eanoitso pateiiasiog yinpin 


od ysm $I .betspigasvai od bluode asliatin bas apnoted 
noitsmioini nisp oF sypiniosd eins to sen sit doiw sidieaoq 


monimu te yd bosylssse e165 doidw gnotdosex oinspio yosm wods 


bus yasbnodse ,yrsmizq to 29x5 f 
“a05 of ' AMM notoxg yd bel 


149, 


junction with the complex shifts for the alcohol and diol 
complexes, these would provide the necessary background for 
the study of cation complexes of nucleotides, which are cur- 


rently of great interest. 


(iv) Much more work is needed before the proton and 
carbon-13 shifts induced in solvent molecules by ions are 
properly understood. The Buckingham-Musher model seems to 
be able to correlate the shifts induced in the protons of 
One particular substrate by a range of ions. In this re- 
spect it accounts for the dependence on ionic surface 
potential. It does not account for the effects of a 
particular ion on different substrates or for the different 
effects of cations and anions on a given substrate. In view 
of this, further theoretical study of ion-induced shifts is 
strongly urged. Some effort should also be directed towards 
explaining the origin of the y-effect in the carbon-13 
spectra of coordinated molecules. 


27n1 and 3561 NMR studies of ethanolic 


(v) Further 
solutions of aluminum chloride and perchlorate are required, 
with a view to determining the role of chloride ion in the 


complex solvation shells of aluminum(III). 


(vi) The kinetics of the exchange of the solvation 
shell and bulk solvent molecules in ethanolic magnesium 
perchlorate solutions should be determined by both proton 


and carbon-13 NMR. The coupled spectra should be analysed 
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by the correct (density matrix) method, and the effect of 
the Overhauser enhancement in the decoupled spectra should 


be evaluated. 
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APPENDIX A 


CHEMICAL EXCHANGE AND SOLVATION SPECTRA 


Although this thesis does not deal explicitly with 
rate processes, the discussions presented in earlier chap- 
ters require a statement of the effects of chemical ex- 
change in solvation spectra. Furthermore, they suggest 
possible kinetic studies which should be performed. 

Several theories of the effect of chemical exchange in 

NMR spectra have appeared in recent reviews. ~° In the 
general case of multi-site exchange between coupled nuclei, 
the analysis of the spectrum is extremely complicated and 
can only be achieved by use of the density matrix formalism 
and a high-speed computer. In the absence of spin-spin 
interactions, the modified Bloch equations may be used 


to extract the kinetic information contained in the NMR 


spectrum. 


A-l. Two-site exchange. It is convenient to describe the 
effects of chemical exchange in the simplest possible case 


of two uncoupled spin-1/2 nuclei with the same T, exchang- 


2 
ing between equally populated sites, and then to discuss 
the TYPE II solvation spectra in terms of this simple 
model system. If the residence time Tt in each site is 


reduced from infinity, the NMR spectrum changes through 


three distinct stages. 
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(1) Slow exchange, tnittial broadening. When the exchange 
rate constant (k = 1/t) increases to the point where the 
NMR signals begin to broaden, then for each site 
ue (A-1) 
2 


where 1/nT, is the natural line width in the absence of 


e 


5 is the exchange broadened line width. 


exchange and 1/nmT 


(ii) Coalescenee. When the exchange rate increases further 


the lines continue to broaden and the frequency separation 


between them decreases. In this region 
5 
Fa | (6u,)? - (8u,)7 (A-2) 
i PEON 


where OW, is the angular frequency separation in the absence 
of exchange and 60, is the separation in the partially coal- 
esced spectrum. Equation (A-1) is a good approximation in 

this region if the signals do not significantly overlap. At 


the coalescence point 


BE Ny, ea (A-3) 


(iii) Fast exchange. When the coalescence is complete, a 
single broad line remains at a position intermediate between 
those of the two initial lines. As the exchange rate con- 


tinues to increase, this broad line begins to narrow, and 
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In the limit of very fast exchange, the line width is simply 


the natural line width 1/nT,. 


AW 2 MeTY PER ALt ty solvation spectra. ~ The ‘exchange processes 
which can occur in ionic solutions complicate this simple 
picture considerably. For the alcohols or water coordinated 
to a cation, several simultaneous exchange processes could 
Occur. (a) The whole solvent molelcule may exchange 
between the solvation shell and the bulk solvent. (b) The 
hydroxyl protons may exchange between the molecules in the 
solvation shell, or between those in the solvation shell and 
those in the bulk solvent. (c) The hydroxyl protons in the 
bulk solvent may exchange with each other. 

It is possible to suppress the process (c) by the 
addition of a trace amount of acid to the govuticm. +4 The 
process (b) may also be affected by the addition of acid, 
Since the base catalysed exchange of the hydroxyl proton in 
coordinated molecules should be suppressed: >° 

Assuming that the process (a) is the only one 
influencing the NMR spectrum of an acidified solution and 
that there are no spin-spin interactions, in the limit of 
very slow exchange separate solvation shell and bulk solvent 


Signals will be observed. Although the populations Pe and 
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PP» and residence times Tt and Tt 
b a b 


thew Lorusof. (A-1)i and {A=-2) may stil? be applied, since 


are unequal, equations of 


1/t. = (BAER Cr ae For each site (a or b), the iy os may 
be obtained directly from the observed line widths. The 
natural line widths 1/mT., are not equal at the two sites and 
it is impossible to measure them directly from the spectrum. 
In previous studies, To and Top have been estimated by 
extrapolation of the low temperature, viscosity-broadened 
line widths to higher temperatures. 26" 37 
When the hydroxyl protons in coordinated alcohols are 
not exchanging rapidly, they are coupled to the alkyl-group 
protons and splittings occur in the solvation shell reson- 
ance. This complicates the analysis considerably and the 
spin-spin interactions must be taken into account in the 
treatment of the line width data. In the kinetic study of 
the exchange of methanol coordinated to Mg(II), due 
allowance was made for the observed scaler fouplnge ie 
In a similar study of the exchange of ethanol coordinated 
to Mg(II), spin-spin splitting was not observed in the 
solvation shell ea qnalne The signal multiplicity was des- 
cribed as being "masked by broadening effects" and it 
appears to have been ignored. The width of the broad 
"hump" in the spectrum attributed to solvation shell protons 
was used directly to deduce oe: Wblgiabicy Vigybuheye Shey mek -erslone 


composed of three overlapping broad signals, the triplet 


structure due to coupling between the hydroxyl-group and 
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methylene-group protons. In some of the spectra obtained for 
the work discussed in Chapter 5 of this thesis, a partially 
resolved triplet was observed for ethanol molecules coordin- 
ated to Mg(II). When allowance is made for the coupling, the 
linewidths estimated from these spectra are considerably 
smaller than those quoted in the previous eric Thus the 


previously reported rate constants must be incorrect. 


A=3.) TYPE OIL ic Solvation Spectra. THEVdLELVCuUltyso. esti 


mating the natural line width over a range of temperatures 
and the complications of spin-spin interactions in ty solva- 
tion spectra also arise in ag spectra. In addition, 

several other problems arise in oat NMRe se rOmenatcictd.. abun. 
dance spectra, the signal to noise ratio is usually inade- 
quate and ah enriched samples should be used to obtain 
accurate linewidths. The long periods of time required to 
accumulate several thousand free induction decays create 
difficulties in maintaining good field homogeneity, and hence 
a constant natural line width. At temperatures other than 
ambient, temperature control over long periods of time may 
also be a problem since the chemical shifts are temperature 
dependent. It is usual to truncate the accumulated F.I.D. 

by multiplication with exponential and/or trapezoidal 
functions. This greatly improves the signal to noise ratio, 


at the expense of the linewidth: the linewidth is increased 


and the lineshape may be non-Lorentzian. Thus, care must be 
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taken in using this procedure when the linewidths are 
important. 

The fe spin system is greatly simplified by proton 
noise decoupling since the signal multiplicities are removed. 
The kinetic analysis would be correspondingly simplified 
Since equations similar to (A-1) to (A-4) could be used 
directly. However, there is one disadvantage to heteronuc-— 
lear decoupling. The decoupling may affect the lineshapes 
of the solvation shell and bulk solvent nuclei differently 
and render them difficult to interpret. An additional 
DLaclical datticulty sis that. the spectra recorded at. 22.63 
MHz exhibited partially overlapping solvation shell and 
bulk solvent signals. Unless a higher field spectrometer 
is used to separate the signals, a lineshape fitting tech- 
nique would have to be used to deduce the rate constants. 
Several computer programs exist for this purpose. 

Each of the above-mentioned difficulties must be 
thoroughly investigated and overcome before meaningful rate 
constants can be obtained for the exchange of ethanol (or 
other alcohols) coordinated to Mg(II) (or other ions), and 
agreement between the A and ate results must be obtained. 
This would constitute a rather lengthy project and it is 


suggested as a possible future study. 
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